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I. Background and Objectives

Stock's early syatheses of boron hydrides involved the reaction of a
rather poorly defined magnes‘um boride with aquecus phosphoric acid.’ Miser-
able yields of a hydride mixture containing large percentages of higher
hydrides were obtained. All subsequent procedures, based lafgely on the work
of Schlesinger, Brown, Burg, and their co-workers?:3 as well as some commer-
cial programs,’ gave B,l, as the scle initial product. Higher boranes
(particularly those needed for the synthesis of carboranes) are currently made
from diborane by thermolysis. Through proper selection of reaction conditions
and equipment BgH.-», B:Hy, B:H--, or B:-H.; can be prepared in fair to good
yields,® but the processes are very difficult and expensive commercial
operations. Three other rather generalized processes for converting B-H: to
higher hydrides have been of interest in the past decade. The first of thesef®
Lilds con earlier work of Hough, Marshall, Hunt, Hefferan, Rdams, and
Makhlouf of Callery Chemical Company. The process involves the pyrolysis cf
{NR;]BH, to yield (NRs]:B.-H:--. This is followed by the opening of the B-;H-.7~
cage with HCl in liquid (C;K:};5 to give B:-H.-;-25(C;Hz),. From the latter
diethyl sulfide adduct, carboranes can be obtained. Yields are marginal.

A second process involves the reaction of NaBH; with B:H¢. Following the
early work of hcugh and Edwards® on the reactions of B;H¢ with sodium amalgam
to give NaBH; and NaB3jHg.? Muetterties-“ carried the process further and
cbtained NaB;:H,; from NaBH, and B;Hy under different conditions. This general
process has been developed beautifully in a fundamental sense by Shore and his
students who have been able to build up large borane anions in a stepwise
fashion by adding a brrane group (Lewis acid) to a B-B bond in selected boron

hydride anions.l!! Reactions such as those shown here were carried out:
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BsHg~ + 1/2 B.H,

BsHg™ + 1/2 B_H,
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B:cH:4. In considering this process it is reasonable to postulate that B_H--
reacts initially with a Lewis base to give an adduct of general form LB,H,
which can then react with additional BgH;; (or another base borane adduct in
the system) to give boron framezwork expansion. The reaction between B.H - and
Lewis bases was thus of considerable importance in delineating the path for
the expansion of the boron framework. Earlier reports on the reaction of
B:H.; with bases such as NR; had described a confusing process from which no
base-borane products could be characterized.!® Thus our initial work focussed
on the reactions of B:zH:;; with Lewis bases. Subsequent work involved a study
of the reactions of the products obtained from the base reaction with boranz
units or other boron sources. The goal of the study was an expansion of the
boron framework.

A brief summary of the results of our work performed under the sponsorship
of the Army Research Office through DAARG29-~76-G-0120, DAAG29-79-C-0129% and
DARG29-81-K~0101 was described in a paper entitled "Chemistry of Lower Boranes
Involving Trimethylphosphine"-€, which is attached to thris report as Reprint
#7. 1In short, during these earlier contract research periods, the strongly
basic nature of P(CH;3); was exploited to establish a number of definable
reactions of lower boranes, which could then be used as guides for the studies
of related complex reactions. Thus, at the beginning of this reporting
period, we were ready to direct our effort to the study of borane reac*ion

systems involving weaker Lewis bases.
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II. Summary of the Results
A. Borane Framework Expansion Reactions
1. Use of the B;Hg; Adducts
Background. During the earlier ARO contract research periods, B H. (i 1)
was found to serve as a borane framework expansion reagent. 7o T Wien
BoH, 2P (CH3) 3 was mixed with certain borane compounds, it :j..t .t

BH3-P (CH3) 3 and ":BH-P(CH3)3", and the latter was addicd te e 1 race

.-
-
-

substrate to give a product containing an incircased norte

Examples are

BoH, 2P (CH3) 3 + B;H¢ — B.H--P(CH.). D S H] ' 131
B;H;-2P (CH3) 3 + B:H--THF -5 B:H:-P(CH.). L A . el 123
B;H, 2P (CH3) 3 + B.He PH- - B HE,P(TH.. I T P 13
B;H,-2FE(CH3) , + B_HoP(CH:) . = B.H -IF{CH.). « 8By @ = 143
B;H.-2P(CH3): + B.H - Bt FiTH . i 183

When the Lewis bases that are attached 7 *he Y rare = .!=*:1a*ec~ aj;c wc-

strong the above expansion react:cn will n-* f: “eed

B;Hg*2P(CH3) 3 + BaH-"P(CTH.) . (cr B.H -N{"H .3 0 » % kea-*, - 173
B;Hs 2P (CH;) 2 + B:H:-P(CH:.) . (or B.M_ -N{("H.' . ° & N Lea *. -~ 1e)
Apparently, the bornae acidisty 2f *he suts*rare ta=z I N Y SRR
for the reacticn to occur. When the s r-niiy e.e-*r - 3--a*t. -3 ; & G
is attached to the B.H- cr B.H: fragre-*, *‘o I S A I S I S R
strong encugh to react with B H,-JF ("8 .y, PR ¥ _§ “u , Y weer, te a zc <

the stronger acidity of the B M, group, wri-> ;= ,-*era-* - Large; trra-e
fragment,<: retains its acidity s%rong e~-u3r ever ;- **e presar-e ~f (i

in the molecule, and reaz%s wi*h B H. -JF(7®.). - £-70 p ¥ SF ot -

References on pages 19-20
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€ B H.,, ‘« ¢ dimethyl ether does
not cleave B:H-. -O(CH.),. Dimethyl
thicether is situated in-between. It,
therefore, is reascnable to postulate that
the following equilibrium exists in a

S(CH3)2 solution of 53H7‘S(CH3);7

B3H--S(CH3), + 2S{(CH:), == B H.*

‘KY, rfu.r terperatu o e) in Figure 1
relative ntensity ratio boetwoon
arnd the BH,-S(CH,); signal is 1:1 as

thar tree reactants and producis are

4— BH; SMe;
) BsHg
& v
)

. e SN - 80 hrs (3 cays)

e VA 37 hrs (15 days)

A
- _J J\/L—_f\— 19 hrs

"l
__~___A\J\ﬁL__ 3 hrs
—_ \J | I 30 min

% oHiSMe:

Figure 1. !B NMR spect.a of B:H--
S(CH3), in S{CH3),: Slow formaticn
of BcHg.

2S(CH3),; + BH3-S(CH3); [16]

The B;H.-2S5(CH:), thus formed would then react with B3H--S(CH3); in a manner

similar to that shown in Section II1.A.1 to give B¢Hg°S(CH3), which would

further react with B;H;-25(CH3),; to form "BzHg¢-S(CH3)»" (cf. Equations 2 and
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10). The product "BcHg-S(CH3)," would readily eliminate S{(CH:},; to finally

give BsHy. See Equations 17-19.

B,H; 2S(CH;3), + B:H;-S(CH3),; — BsHg'S(CH3), + BH3-S(CH3),; + S(CHy), (17)
B,yH; *2S(CH3)» + ByHg-S(CH3), — B:Hg-S(CH3), + BH3;-S(CHi), + S(CH:): [18]
BsHg'S(CH3); — BgHy + S(CH3) ) [19]

Equations 16 through 19 sum up to give Equation 14.

The above proposed mechanism for the formetion of B:Hg suggests that, if
B;Hg-S(CH:); had been added to a S(CH3),; solution of B:H;-S(CH3),, the rate of
<he B.H; formation would increase. Indeed, it was the case. When a S(CH:);
solution containing B:H-:S(CHs), and B:H¢-S(CH3); in a 1:1 molar ratio was
prepared, the formation of B:Hg was complete in a few hours; B3H;-S(CH;), was
consumed completely and a small portion cf B:Hg'S{CH3), remained in the
solution. Thus the above interpretation, which is based on the B;H;-2P (CH:) x
model, appears to be satisfactory.

3. A More Generalized View of the Framework Expansion Reaction.

In the framework expansion reactions involving the B;H, adducts, the sub-
strate abstracts ":BH'L" from B;H;-2L and BH;-L is eliminated. Therefore, the
stability of BH:'L and the electrophilicity of the borane substrate are
thought to be important facters to successfully drive the expansion reaction.
In this sense, the formation of the B;H; 3P (CH3):" cation from ByR, 2P (CH3) 3
and the trityl cation?¢ may be explained by the following scheme.

ByH4 2P (CH3) ; + C(CgH:) 3" = "B H3 2P (CHi) 4 " + C(CgH-)-H [20)
B;H;-2P (CH3) 3y + "B;H3:2P(CH:):"" —» B:zH,-3P(CH3):" + BH;-P(CHj3): [21)

The intermediate "B,H;-2P(CH;)3"" is a strong electrophile owing to its

positive charge, and therefcre reacts readily with B;H;-2P(CH3)3;, abstracting

":BH'P(CH});q" from B;Hz;‘ZP(CH])} and liberating BH: P (CHj3) 2.

References on pages 19-20
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The frame work expansion scheme, which 18 discusset Nere, may furtter lLe
extended to include a more general case. Consider the following react:nn
which was observed is this laboratory. (See attachod Reprint #8)
2B:Hg P(CH.) . + C(C¢H-) 3" > B H.-P(CH-):" + RH -F(CH.) . 4+ C(C K .E [22)
If the first step of the reaction is
B:Hg P(CHa)y + C(C.H.),° — "BiH ~P(CH:)."" + C(C H ) .H [23)

The electrophile "B:H:-P(CH;3)3'" will abstract a ":BH" unit from B;H.-P(CH.).
and liberate the stable triborane(7) adduct, B:H,-P(CH.).. Further extersicn
of this generalized view is obvious, and is a subject c¢f further study.
4. In-Situ Addition of BH3 to Borane Framework.
When B:Hg-PH; was treated with NaBH; in tetrahydrofuran the following
reaction occurred at -40 °C.:?
B;Hg-PH: + Na'BH,” — Na'B:H:--PH,” + H [24)
The reaction (Equatién 24) is thought to have proceeded in two steps:
BiHg-PH: + Na"BH;” — Na'BgHg-PH,” + H, + "BH:" [25]
B;Hg PH;~ + "BH:" — B:H---PH,~ {261
It is known that BH;-PH; and B3H;'PH; react with NaBH; to give Na 'BH;'PH, BH.~
and Na'B3H,:PH;-BH3~, respectively.?’-?8 1In these two reactions, the first
step is the deprotonation of the phosphine hydrogen to form BH:-PH:~ and
Bi:H-+PH,”, respectively, in manners similar to that shown in Equation 25.
Tuen, the generated BH, (or B;H¢) adds to the phosphorus atoms of these anions
to give the BH:'PH,-BH;” and BiH-:PH;-BH:~ anions. The B(Hp-PH;” anion which is
produced in Equation 25, however, does not combine with BH3 at the phosphorus
atom to form BysHg PH,'BH3;~. This is because, due to the enhanced borane
acidity of the B4Hg fragment relative to those of B3H; and BH;, the lone pair

electrons on the phosphorus atom in B;Hg:PH,;” is not readily available for the

References on pages 19-20
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P +BH, bond forration. Instead, thc gencrated BH: adds to the BgHg meiety to
give the B.M. -PH ~ anicn. Shore reported'! the addition of BH3 to BoHg™:
BiH,” + 1/2 B H¢ — B.H. " (27}
Thus, the B:H. PH.” anion bchaves like the B:H,” arnion. (Note that these two
anicna are 1soceletronic to each other.)
The in-situ aii:tion cf BK, cf this type may further be developed to in-
clude higher torane corpounds, and may conveniently be used to convert smalicr

hrrane fragments to larger strurtures by the use cf NaBH: in place of B;H¢.

B. Formation of B;H,; Adducts from B3;H, Adducts

Background. Reactions of triborane(7) adducts (B.H--L) with lewis bases
(L') can proceed in tw: different ways: (1) displacement ¢f the ligand base,
and (2) cleavage of the tribcrane framewcrk into the adducts of B.H; and BH..
A mechanism was propssed for these reactions by Ritter and co-workers,’? and
by Paine and Parry.>’ Central to the mechanisr is the fcrmation of an inter~
mediate B:H-‘L'L' which subseqguently proceeds in the twe different pathways
depending upon the nature of the lLewis bases invclved. See Scheme 1.

Scheme 1

L L L
\/ \_*873 Nl
L S-{--b
P e O
P 8 — -8 B — H g —
A A AT DI AW ot ATt
L
BaH7-L [BaH7-L-L'}
Examples: L@ +L7(0)  +L'{(0)
(8) BaHy THF + NMej BH; L
— B3aH7'NMej + THF R
(b) BaHy-NMe; + 2PMes \/ ot
— BaH4-2PMe; + BH3-NMe; [ B L- ‘l’ - "3 -L Bl
(¢) BaH7-PMe3+ 2NMey \ L ~e "
~ BoHa-PMe3-NMeg + BH3'NMes| — ,9 . LG L/. BH3-L'
References on pages 19-20
10

TV .




Final Report
DAAG29-85-K-0034
In view of the potential use of the B,H, adducts as reagents for borane
framework expansion, and since the BjH; adducts are a convenient source of the
BoH, adduct preparation, it was of interest to investigate in more details the
cleavage pattern of B3H7 adducts. This study was rewarding in that not only
the formerly elusive B,H;-2N(CHj); was isolated but also the preparation of a
mixed-ligand adduct B,Hs-N{(CHj3)3-P(CH3)3?3 and an efficient way of preparing

amine adducts of B:H42% could be formulated as a result of the study.

Brepazation of BoHs -2N(CH3)3 and BoH, N(CH.)3-P(CHs)5. The details
of these studies are described in two published papers??:?3, reprints of which
are attached to this report. (See Reprint #3 and #9). The preparation of
B,Hs*N(CH3)3-P(CH3) 3 by the reaction of B3H;-P(CH3)3 with N(CH3)3 is superior to
that involves the displacement of N(CH3)3 from ByHy:2N(CH3)3; by P(CH3)3; the
reaction is faster and the product is purer. In addition, the gquantitative
formation of B,;H;'N(CH3):-P(CHj3); has provided an important insight into the
cleavage pattern of triborane adducts, from which the facile preparation of
B,H; 2N (CH;) 5 was developed.

Eormation of BoH¢ ZN(CH3): from BiH7-S(CH3)5.°% Treatment of
B3H--S(CH3), with excess N(CH;3)3 at -80 °C in dichloromethane results in the
immediate formation of B,H;-2N(CH3)3. The appropriate equation for the
reaction is

B3H;-S(CH3), + 3N(CH3)3 — B,H;-2N(CH3)3 + BH3-N(CH3)3 + S(CHj),. 1281
The reaction of BiH;-N(CH3)3 with N(CHj3)3 to form B,H.-2N(CH3)3 proceeds
slowly at 0 °C.?% Therefore, the formatjon of B,H;-2N(CH3;)3; in Equation 28 is
not the result of initial displacement of S(CHj),; by N(CH3)3 to form
B3iH;-N(CH3)3 followed by the cleavage of the B3H; fragment. Instead, the

intermediate B3H;:S(CH3);,:N(CH3)3 must have undergone a rapid BHj-adduct

References on pages 19-20
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[BH3-S(CH3), or BH3-N(CHj3)3] elimination upon interaction with N(CH3)j3
according to pathway b or ¢ in Scheme 1.
This low temperature formation or BjHg-Zivi(CHz)3 should have a wider appli-
cation to the syntheses of certain B;H, adducts, where the use of higher

temperatures is prohibited because of the thermal instability of the adducts.

C. Base-Influenced Fluxionality of ByHg Adducts.?

Background. In 1963, Gaines reported? that the six hydrogen atoms of B;Hg
became equivalent on the NMR time scale when B;Hg was dissolved in diglyme at
room temperature. This phenomenon was explained by a weak interaction of B;H¢
with the solvent ether to form an unstable intermediate, which upon reverting

to ByHg the terminal and bridge hydrogen atoms are interchanged.

N —~ 7 - N~ 7
+OR, :B,.\ / OR, 5

B B B
~ - = B'-Ha ~ PR [29]
H

OR 5
Thus, the rapid H atom migration is induced in the diborane molecules when the
co-existing base has an appropriate base strength relative to the strength of
the B-H-B bridge bond.

This phenomenon of base-induced fluxionality should be a common occurrence
among the lower boron hydride compounds, because most of them are "electron
deficient™ and are capable of interacting with Lewis bases to form more opened
structures which can often undergo facile rearrangements. Elucidation of the
interactions, in particular those with weaker bases, is of considerable
interest to us; weak bases often play subtle but important roles in the trans-
formation of borane compounds.

B4Hg-SR;_in SBR;. Shown in Figure 2 are the !!B NMR spectra (25.5 MHz,

{1H}) of B4Hg-S(CH3), in two different solvents (CH,Cl, and S(CH3);) at two

References on pages 19-20
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different temperatures. Clearly, when B;Hg:S(CH3), is dissolved in $(CHai), the

-~

signals of the B; 4 and B3 atoms coalesce at +20 °C. Similarly, the same

coalescence was observed for ByHg-S(C,Hs), and B ;Hg:'THT (THT=tetrahydrothio-
phene) in S(C,Hs); and THT, respectively. The temperatures of coalescence
paralleled with the base strength of the thioethers: B Hg'S(CH:),; +20 °C,

BeHg*THT; +30 °c, B;Hg*S(CyHs) »; +45 °C.

) B4Hg SMey In SMe; B4Hg-SMez In CH2CIp
SR,

V4
8

NVARN
i\?/

\ BH3.SMez o
/

NN

3

] ,
{ +20°C '

83 Baa By

l

i

e L

Figure 2. 1B NMR spectra of BgHg-S(CH3),: S(CH3),-induced fluxionality.

o~ g
e T T =

Many tetraborane(8) adducts, B;Hg'L, are known to combine with bases to
1 form bis(base) adducts of ByHz. The stability of the bis(base) adducts
k depends upon the nature of the Lewis bases involved, and generally parallels

with the strength of the base as indicated in the following examples.

b
BgHg P (CH3)3 + P(CH3)3 —  B4Hg-2P (CH3) 3 Stable at room temp.?! [30]
BgHg P (CH3)3 + N(CH3)3 == B Hg-N(CH;) 3 P(CH3); Dissociate at room temp.3? [31]

[ BHg-N(CH3)3 + N(CH3)3 == B,Hg-2N(CH;3); Isolable <-40°C33 [32)

ByHg -PH3 + PHj - No Reaction34 [33)

References on pages 19-20
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Thioethers are wecaker bases than N(CHj)3 but stronger than FH.. Therefore, it
is reasonable tc assume that B;Hg'SR, interacts with SR, to forr an unstatle
bis(base) adduct:

B:Hg'SR, + SR, === B Hg-2SR, {34]
The equivalency of the B;, B; and B; atoms can be achieved by-the mechanism
which is illustrated in Scheme 2.

Scheme 2

; SR N SR N
: /B ' : 81 » 81 ‘
RN ’ N s SR2 N\ 8.y SR2!
! B B Lo B BR <=5 " L
; 8 Ay ‘< SR s
! / \\“B ,/// : . \\\ﬁ.B_a// 2 \\\—B - :
v ' 2 ' : 3 - :
-SRy||+SR; i +SR211-SRy
é \B'SRZ \ SRz E 5 \B/SRz g
' .o 1 ‘
:Sﬂi?:// m};_ SR :a:// a{ E . :33 \\\a/ :
: =4SSR . .
A B R

................................................................

The above mechanism for the ByHg-SR; signal coalescence suggested that
other B;Hg adducts might undergo the same type of rapid motion when dissolved
in thioethers. 1Indeed, the B;,; and B3 signals of B;Hg-P(CH3i}3 coalesced at
+20 °C in S(CH3); solution. Trimethylamine adduct of BgHg, however, behaved
differently; in dimethyl thioether its B;,; and B; signals did not coalesce up
to +30 °C. Even the broadening of these signals was not observed, but an
extremely broad hump (or a rise of the base line) developed in a range from 0
to -5 ppm. Recording of higher temperature spectra was prohibited by the
decomposition that formed BH;-N(CHj) 3. It has been observed that, when

N(CH3)3 is attached at the B; position of the B4Hg fragment, the interaction

References on pages 19-20
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of the B;Hg adduct with t e second Lewis base is weak (see, for example,
Equation 32) and that a soft base appears to prefer the B; position to the B,
position if the choice is given. Thus, the attachment of S(CH3), to the B;
position is disfavored. If BsHg:N(CH3)3°S(CH3),; is formed, it would have
S(CH3), and N(CH3)3 at B: and B, positions, respectively. It is possible that
the broad hump at 0~5 ppm is due to the formation of this bis(base) adduct.
The complexity of base-influenced

fluxionality was further observed on

In the hganc
base

11
1L

B:Hg 2P (CH3) 3 and B,Hp-2N(CH3)3. As di- Temp in CHCR

agrammatically shown in Figure 3, the
thgh I l

fluxional motion of B Hg-2P(CHj3)3 is BAHEQNmHab

Low l l

slowed down in the presence of free

P (CH3) 3, N(CH;3)3 or tetrahydrofuran,

whereas that of B;Hg'2N(CHi)3 appears

to be fast even at -80 °C and even in

High ..[..L
B4Hg 2P(CHa)3

the presence of free N(CH3)3. Further Low -Ll—l

experimental and theoretical studies

Figure 3. Diagrammatical

are needed for the better understanding representation of ‘-B NMR spectra
of B;Hg-2N(CH3)3 and

of these phenomena. B;Hg-2P (CH3) 3.

D. Polyboron Complex Cations.

During the previous contract period, salts of the triboron complex cation
B3Hg 2P (CH3) 3* was isolated and characterized. 1In view of the possible reac-
tion of such cations with anionic borane species to form larger boron hydride
compounds, a number of polyboron cations were synthesized. A review of this
new generation of compounds was presented as one of the session lectures?® at

the Sixth International Meeting on Boron Chemistry (IMEBORON VI), which was

References on pages 19-20
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held at Bechyne, Czechoslovakia in June, 1987. A reprint of the paper is
attached to this report. See Reprint #8. 1In this section, therefore, the
description is limited to the latest development that was made after the
review writing.
The ByH7-3P(CH3)3* cation.3%/3® Treatment of BgH;-2P(CH3)3" with a molar
equivalent of P(CHj3)3; resulted in the formation of the ByH;-3P(CHj3)3" cation.

B;H;-2P (CH3) 3% + P(CH3)3 — ByH;-3P(CH3)3? [35]
The general formula for this cation is ByH,,3°3L7, and thus represents a new
homologue of polyboron complex cations. The cation reacted further with
P (CH3)3 to give cleavage products.

ByH,-3P(CH3) 3" + 2P(CH3)3 — B3H;-4P{(CH3)3" + BH3-P(CH3); [36]

The above reactions (Eguation 35 and 36) are analogous to those observed
for the corresponding isoelectronic, neutral borane compounds:

B;Hg-P(CH3)3 + P(CH3)3 = BgHp-2P{(Cll3) 3 [37]

B.Hg-2P (CH3) 3 + 2P (CH3)3 — B3Hg-3P(CH3)3 + BH3-P(CHj3)3. [38)
The difference between the two reaction systems is that reaction 38 is always
accompanied by reaction 39.

ByHg 2P (CH3) 3 + 2P(CH3)3 — 2ByH.-2P (CH3) 3, [39]
whereas the corresponding cleavage reaction for B H;:3P(CHj3)3",

B4H4-3P (CH3) 3" + 2P (CHa)3 — ByH3-3P(CH3) 3" + BoH, 2P (CHj3) 3, [40])
was not observed. It is possible that the reaction (Equation 40) had
occurred, but that the products had undergone a reaction, in which
B,H;-2P (CH3) 3 served as the reagent for framework expansion. See Tguation 41.

B,H3-3P (CHj) 3* + ByHy 2P (CH3) 3 — B3Hg-4P{CH3)3* + BH3-P(CH3)3 [41)

Reaction of BcHg-P(CH3)a* with P(CH.)s - Formation of BeH7-P(CH3)s.
Both similarities and differences between the reactions of polyboron complex

cations and their corresponding isoelectronic, neutral compounds have been

References on pages 19-20
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encountered, and are described in the review paper (Reprint #8). 1In general,
P(CH;) 3 either adds to the polyboron cations or cleaves the polyboron
framework. However, ByHg-P(CH3)3' cation undergoes the reaction shown in
Equation 42.
B:Ha-P(CH3) 3 + P(CH3)3 — B.Hy'P(CH3)3 + HP(CH3) ;" 1421
The newly formed, adduct B.H7-P(CH3)3 is characterized by its -'B signals that
appear at -56.3 (d. Ju>=80 Hz), -24.5 (d,BH) and -23.7 pom (d,BH). The
compound decomposes above -50 °C. The B;Hg-P(CH3)3" cation is isoelectronic
with BgHg. The protic acid character of B.Hg has been demonstrated by its

7 However, the

reaction with alkali metal hydride or ammonia to form BgHg™ .3
reaction of BgHg with P(CH3)3 gives BsHg'2P (CH3)3.38 Apparently, the protonic
character of the bridge hydrogen atoms in the BgHg-'P(CH3)3' cation is enhanced
by the ioric charge, and therefore the deprotonation is facilitated. Complete
characterization of the cation including its chemical behavior is yet to be
completed.

3355;25193312*524'. Reactivities of borane compounds are often changed
drastically depending upon the nature of Lewis bases involved as ligands or
solvents. Having established several definable reactions involving P(CH3) 3,
our efforts were directed to the study of systems involving weaker Lewis
bases. The synthetic study of BjH¢-2S(CH3),* was thus initiated.

Treatment of B3H;-S(CH3),; with C(C¢Hs) 3°BF;~ in the presence of S(CH3), gave

the BF;” salt of a cation which is tentatively identified as B3Hg-2S(CHi),~.

B3H7:S{CH3), + C(CgHs)3"BFs~ + S(CH3), — B3Hg:2S(CH3),*BF;” + C(CgHs)3H [43]

References on pages 19-20
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The cation, BiHg-2S(CH3),*, is characterized \ /
by its !'B NMR signals at -26.8 and -8 ppm in
a relative intensity ratio 2:1. The signal
at -8 ppm is broad and assigned to the BH; _B——B “SRz

\

unit. See Figure 4. The salt decompeoses at S,R2
room temperature. Figure 4. B3Hg-25(CH;3);”

The reaction 43 is always accompanied by a reaction which forms
B3HgF-S(CH3), (Egquation 44).

B3Hy-S(CHa), + C(CgHg) 3*BF4~ — ByHgF-S(CH3),; + C(CgHs)3H + BF; 144}

When B3H7:S$(CH3), was treated with C({CgHg) 3"BF;” at -80 °C in CH;Cl; in the
absence of S(CH3),, the fluorotriborane formation (Equation 44) proceeded
exclusively. Because of the weak B-S bond (relative to the B-P and B~N kcnds)
and the unprecedented fluoro derivative of triborane(7), the reaction
chemistry of these species should be of great interest.

The fluorotriborane adduct showed the --B
NMR signals at +15.5 (d, Jpcr=65 Hz), -19.3 and SRZ
-27.2 ppm, which are assigned to the B;, B, \B/
and B; atoms, respectively. See Figure 5. 1
The *9F NMR signal was at ~170 ppm (Refer- ~ /
ence:CFCl3). The compound decomposed above ” 83\ ~~ B\2~F
-23 °C to give BgHy, BFa-S(CH3), and

Figure 5. B.H,F-S(CH.},
BH3-S (CH3) ;.
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Methyl Derivatives of triboron Complex Cations.
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Several more manuscripts to be written up.
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Novel Coordination of a Neutral Borane Adduct to
Nickel(0). Formation of Ni(CO),{B,H,2P(CH,);]

Sir:

Recently we reported' the synthesis and characterization of
Zn(II) and Cu(l) compiexes of bis(trimethylphosphine)—di-
borane(4), ByH,2P(CHj;),. These compounds represented the
first examples of metal complexes of a neutral borane adduct and
featured coordination of the boron hydride ligand to the metal
via two B-H-M bridges. This bidentate-bridging mode of co-
ordination had previously been observed primarily in complexes
of the BH,",2 B,H" >4 and B,H, > borane anions. Of these
complexes of the anions, only a few are known to have the metal
center in oxidation state zero.” So far there have not been reports
of these arions complexing to the Ni(0) center. We now report
that the neutral borane adduct B,H2P(CH,); will react with
Ni(CO), to form a stable, isolable Ni(0) complex, Ni(CO),-
[B,H,-2P(CHj);), which contains two B~H-M bridge bonds to
the Ni(0) center.

The new nickel complex was formed by the direct reaction of
Ni(CO), and B,H,-2P(CH,), in dichloromethane at room tem-
perature according to eq 1. To drive the reaction forward, the

Ni(CO), + B,H2P(CH,), =
Ni(CO),{B,H2P(CH;);] + 2CO (1)

carbon monoxide had to be removed from the reaction system as
it was produced, until approximately 80-85% of the reaction was
complete. The product could be isolated by adding pentane to
its cold, concentrated toluenc solution and thus precipitating it
as a green-yellow solid that was reasonably air stable at room
temperature. Dichloromethane solutions of the isolated compound,
however, decompose above —10 °C to unidentifiable products.
Attempts to force reaction 1 to completion by further removal
of carbon monoxide beyond the extent indicated above resulted
in the sudden decomposition of the product, with deposition of
nickel metal in the reaction system.

The reaction stoichiometry (observed: CO evolved:complex
formed = 2:1) and the elemental analysis of the compound (Anal.
Found: Ni, 19.9. Caled: Ni, 20.1) supported the formula Ni-
(CO),{B,H2P(CH,),;] for the new nickel complex. The ''B

(1) Snow, S. A.; Shimoi, M.; Ostler, C. D.; Thompson, B. K.; Kodama, G.;
Parry, R. W. Inorg. Chem. 1984, 23, 511.

(2) See, for example: Marks, T. J.; Kolb, J. R. Chem. Rev. 1977, 77, 263.

(3) Kaesz, H. D.; Fellmann, W.; Wilkes, G. R.; Dahl, L. F. J. Am. Chem.
Soc. 1968, 87, 2753,

(4) Anderson, E. L.; Fehlner, T. P. J. Am. Chem. Soc. 1971, 93, 1041,

(5) Gaines, D. F.; Hildebrandt, S. J. In “Metal Interactions with Boron
Clusters”; Grimes, R. N, Ed.; Plenum Press: New York, 1982; Chapter
3

Wegner, P. A. In “Boron Hydride Chemistry™; Muetterties. E. L., Ed ;
Academic Press: New York, 1973; Chapter 12.

Kisnberg, F.. Guggenberger, L. S. J. Chem. Soc., Chem. Commun.
1967, 1293. Klianberg, F.. Muetterties, E. L.; Guggenberger, L. S.
Inorg. Chem. 1968, 7, 2272. Guggenberger, L. S. Inorg. Chem. 1970,
9, 367. See also ref 2, p 266.
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Figure 1. Proposed structure of Ni(CO),{B,H,-2P(CH,);].

NMR spectrum of the compound features a broad signal at —44.1
ppm [BF;-O(C,Hy), standard] with a triplet structure, which is
similar to the ''B NMR signal of the previously characterized
Cul[P(C¢H;);]1[B,H,2P(CHj;);] complex.! The 'H (!'B-spin
decoupled) spectrum shows three signals in a 18:2:2 relative in-
tensity ratio. The most intense signal, at +1.26 ppm, is a doublet
(*Jpy = 8.5 Hz) and is assignable to the methyl protons of the
trimethyiphosphine groups. The signal at ~0.21 ppm is assigned
to the terminz] hydrogens bound to boron and that at ~2.42 ppm
to the hydrogens in the two B-H-Ni bridges. Thus, the NMR
data support the structure shown in Figure 1, in which the B,-
H,-2P(CH,), ligand is complexed in the bidentate-bridging mode
similar to that in the Zn(II) and Cu(l) complexes previously
characterized.!

The infrared and mass spectral data gave further support to
the above structural assignment. The major features of the in-
frared spectrum include a sharp, strong absorption at 2322 cm™
(terminal B~H stretch), a broad strong absorption at 1895 cm™!
(B-H-M), and two CO bands at 1933 and 1909 cm™. The
distribution and intensities of absorptions below 1700 cm™ are
very similar to those of the Zn(II) and Cu(I) complexes of B,-
H¢2P(CH;);.' In the mass spectrum, the parent ion cluster is
seen centered at m/z = 292 with separate clusters for successive
losses of CO at m/z = 264 and 236.

When Ni(CO),(B,H,2P(CH,),] was treated with anhydrous
hydrogen chloride, the B-B bond of the borane ligand was cleaved,
producing BH,-P(CH,), and BH,CI-P(CH,),. Treatment of a
dichioromethane solution of the compound with excess carbon
monoxide at room temperature caused rapid displacement of the
B,H2P(CH),); ligand, reaffirming the equilibrium nature of the
Ni(CO)~B,H2P(CH,); reaction system. Furthermore, the
reactions of the complex with a series of phosphines of different
coordinative strength gave an insight into the strength of binding
of the B,H,-2P(CH,), ligand to the Ni(0) center: The ligand is
displaced rapidly and compietely by PF, at —80 °C, rapidly by
P(C¢H;); at —40 °C, and slowly by PH, at -20 °C. Thus. the
bidentate coordinative bond of this borane ligand is not very strong.
and this property can be utilized for the facile, low-temperature
preparation of certain Ni(0) complexes with the formula Ni(C-
0),L;. The above reactions yielded Ni(CO),(PF;),;, Ni(CO),-
[P(C¢Hy)sl;. and Ni(CO),(PH;),. respectively. Further study
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on the complexes of the B,H,;-2P(CH;); ligand involving other
metals in oxidation state zero and their reaction chemistry is in
progress, and the results will be reported elsewhere at a later date.
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work by the U.S. Army Research Office through Grant DAAG
29-81-K-0101. Thanks are due to W. E. Buhro for obtaining the
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Synthesis of the
Heptahydrobis(trimethylphosphine)tetraboron(1+) Cation

Mitsuaki Kameda and Goji Kodama®*
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The triboron complex cation B,H-2P(CH;),* ! represents the
first example of Lewis base attached boron cluster cations, and
some novel reactions involving this cation were reported recently.>
[ While its reaction chemistry continues to be an intriguing subject
of study, the search for other members of the polyboron complex
cation family is of natural interest. Several members are known
to exist in each of the related, neutral (B,H,. L. L = Lewis base)
and anionic (B,H,.") boron hydride families.*

(1) Kameda, M.; Kodama, G. J. Am. Chem. Soc. 1980, 102, 3647.

(2) Kameda, M.; Shimoi, M.; Kodama, G. Inorg. Chem. 1984, 23, 3705.

(3) Kameda, M.; Kodama, G. Inorg. Chem. 1984, 23, 3710.

(4) See, for example: Shore, S. G. In “Boron Hydride Chemistry™;
Muettertics, E. L., Ed.. Academic Press: New York, 1975; Chapter 3.
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Figere 1. ''B NMR (32.1 MHz) spectra of B,H.-2P(CH,),*BF," in

CH,Cl; at ambient temperature: (a) normal spectrum; (b) proton-
spin-decoupled spectrum.

The above mentioned triboron cation was prepared by the
addition of the cationic species BH,* to the neutral borane adduct
B,H2P(CH;),.! Another borane cation of different type, B{H,,*,
was prepared also by the addition of the H* cation to B(H,,.* An
alternative approach to the synthesis of a cationic borane species
would be the abstraction of & hydride anion (or any anionic species)
from an appropriate, neutral borane compound. This method was
empioyed in 1970 by Benjamin and co-workers® for **= preparation
of the H,BLL™ cations. They treated the Lewii dase adducts
of borane(3) with triphenylcarbenium (trityl) cation in the
presence of Lewis base L’ to successfully synthesize the monoboron
complex cations.

The abstraction of the hydride ion would be facilitated if the
hydridic character of the hydrogen atoms in the borane compound
were enhanced. Boron hydride anions represent the obvious,
extreme case where H™ can be abstracted casily. With regard
to the neutral borane adducts, one expects that, the stronger the
donor property and the larger the number of the Lewis bases
involved, the more hydridic the borane hydrogen would be. The
hypho-class tetraborane adduct B(H;-2P(CH;),’ therefore was
chosen for its conversion by means of the hydride abstraction into
the tetraboron complex cation. The desired cation formation
occurred, and its tetrafluoroborate salt could be isolated.

Results and Discussion

Synthesis and Characterization of BH,2P(CH,),*BF,". When
bis(trimethylphosphine)—tetraborane(8) was mixed with trityl
tetrafluoroborate in dichloromethane, the following reaction oc-
curred above -80 °C:

B.H-2P(CH;); + (CH();C*BF,” —
B.H»2P(CH,),*BF,” + (C¢H,);CH (1)

The reaction was virtually quantitative. After the evaporation
of the solvent, the salt of the tetraboron cation could be separated
from the solid residue by washing it with toluene. The new
compound is soluble in dichloromethane but insoluble in toluene.
It is very sensitive to moisture. Once the compound is exposed
to the slightest amount of moisture, the B;H-2P(CH,),* cation
is produced from it.

Shown in Figure 1 are the ''B NMR spectra of B,H;2P-
(CH,),*BF, in dichloromethane at ambient temperature. Also
shown in the figure is the structure of the cation, which is proposed
on the basis of the observed !'B and *'P NMR spectra. The sharp
signal at ~1.1 ppm is due to the BF,” anion. The multiplet signals
at —48.3 and -14.2 ppm unequivocally indicate the presence of

(5) Johnson, H. D, I1; Brice, V. T.; Brubsker, G. L.; Shore, S. G. J. Am.
Chem. Soc. 1972, 94, 671).

(6) Benjamin, L. E.; Carvalho, D. A ; Stafiej. S. F.; Takacs, E. A. Inorg.
Chem. 1970, 9, 1844,

(7) Kodama. G.: Kameda, M. Inorg. Chem. 1979, 18, 3302.
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Figure 2. +10 to ~-20 ppm portions of ''B NMR spectra of BH2P-
(CH,),*BF,". indicating the muitiplet features of the B(3) and B(4)
signals: (a) normal spectrum; (b) proton-spin-decoupled spectrum.

two different B(H)P(CH,), moieties in the cation. The more
shielded of the two is attributed to the apex boron atom {or the
boron atom opposite to the B-H~B bridge bonds).* The broad
hump, which centers around +2 ppm and partly overlaps with
the BF," signal, consists of two signals. In the 'H-spin-decoupled
spectrum (Figure 1b) the feature of two-signal overlap may be
discerned. The relative intensity ratio of this hump (excluding
the BF," signal) to the other two B(H)P(CH,), signals was
measured to be 1.8:1.0:1.0. Shown in Figure 2 is the +10 to ~-20
ppm portion of the spectrum of a separate sample, which was
recorded for a closer look at the spectral features in this region.
As indicated in the figure, the broad hump consists of a triplet
and a doublet (Figure 2a), each of which reduces to a singlet upon
irradiation of the sample with the 'H resonance frequencies (Figure
2b). Thus the cation is of C, symmetry, and assignments are made
for the four signals as follows: B(1), ~48.3 ppm (Jgp = 126 Hz,
Jau = 106 Hz); B(2), -14.2 ppm (Jgp = 115 Hz, Jypy = 122 Hz);
B(3), +0.75 ppm (d, Jay =~ 120 Hz); B(4), +2.7 ppm, (t, Jay
a 120 Hz). The *'P{'H} NMR spectrum at 121.5 MHz clearly
showed two overlapping 1:1:1:1 quartet signals at ~6.1 (P(2), Jgp
= 110 Hz) and —4.6 ppm (P(1), Jpp = 127 Hz). Thus, like those
of the trio B,H,~, B;H,-P(CHj;),, and B,Hg2P(CH,);*, the
structures of B,H,;",* B,Hy-P(CH;);,% and B,H,-2P(CH,),* are
closely related. Replacement of H™ by P(CH;); at the 1-position
of the B,Hy™ structure, followed by the same replacement at the
2-position of the resulting B Hy-P(CH,);, completes the structures
of the tetraboron trio.

Octahydrotriborate(1~) Sait of the Tetraboron Cation. Bis-
(trimethylphosphine)-tctraborane(8) reacted with tetrahydro-
furan—triborane(7) to give the B;H," salt of the tetraboron complex
cation.

B.H-2P(CH,); + B,H,THF ——~
HLCly
B(H~»2P(CH,),*B,H,~ + THF (2)

The reaction proceeded at a moderate rate. The B;H,™ salt,
however, converted slowly at room temperature into the tri-
methylphosphine adducts of B,H, and B,H,.

B‘HTZP(CH”g‘B;Hg- - B.H.’PMC; + B;Hy'PMC) (3)

This exchange of P(CH,), for H™ between the cation and the anion
indicates that the hydride abstraction (eq 2) is the process that
is kinetically favored over the alternative phosphine abstraction.

Tetraborane(10) reacted with BHy2P(CH,); to give the B,H,"
salt also,

-10*C
BHy2P(CH,); + B,H,, CHLY,

B.Hy2P(CH,);*B,H," + '/,B,H, (4)

Here again, the hydride abstraction is the kinetically favored
process. This and the above reaction of B;H,THF (eq 2) contrast
with the reaction of B,H, with B,H,-2P(CH,),?

(8) Hermanek, S ; Plesek, J. Z. Anorg. Allg. Chem. 1974, 409, 115
(9) Remmel, R. J.; Johnson, H. D., 1]; Jaworiwsky, 1. S.; Shore, S. G. J
Am. Chem. Soc. 1978, 97, $395.
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1 room temp
B,Hg-2P(CH,);], + '/,B,H, ohon

B,HyP(CH3); + BH;-P(CH3); (5)

in which no evidence for the formation of the B,H,™ or BH," salt
of the B,H~2P(CH;);* cation could be found while the reaction
was monitored with the use of a !'B NMR spectrometer, starting
at -80 °C.

Diborane(6) or tetrahydrofuran—borane(3) is capable of ab-
stracting hydride from borane compounds. The reactions of
BH;'N(CH’)z-. (BH;);SC:H", and B4H9'P(CH3)]- with BzHo
give u-(CH;);N-B,Hy,'° u-(C,H)SB,H;,'! and BHy-P(H,),. '
respectively, the BH,™ salt of the Na* or K* cation being another
produc)t in each of the reactions. The formation of the B,H,
anion!

H H

H—B—H—B—H"
H H
offers an example of the significant interaction of the BH, acid
with the hydridic hydrogens in BH,~. Indeed, it would be this
type of B-H-B interaction that makes the hydride transfer ki-
netically favorable over the phosphine transfer in the above re-
actions (eq 2 and 4). That is, the terminal hydrogen atoms are
exposed to the attacking borane acids for the facile interaction.
Apparently, the acid strength or the hydride affinity of B,H, and
B,H,, is strong enough to effect the hydride transfer to these
attacking acids after the intermediates involving the B-H-B bonds
are formed, whereas the hydride affinity of B,H or BH, is not
high enough to allow the H- transfer to occur. A similar ex-
planation based on the hydride affinity difference was used to
account for the strikingly different behavior between the ByHg~
sait of t,he B,Hs2P(CH,),],* cation and the B,H,™ salt of the same
cation.

Experimentsl Section

Geseral Data. Conventional vacuum-line techniques were used
throughout for the handling of volatile and air-sensitive compounds. The
sources of B,H,, BH,s, CH,Cl,, and tetrahydrofuran are described
eisewhere.? Toluene (reagent grade) was refluxed and stored over CaH;.
Trityl tetrafluoroborate (Alfa Products) was dried on the vacuum line
before use. The NMR spectra were recorded on a Varian XL-100-15
spectrometer operating in the FT mode. A Varian SC-300 spectrometer
was used to obtain the ’P NMR spectra. The shifts were expressed with
respect to BFyO(C,H;), and 85% orthophosphoric acid. Low-field shifts
were taken positive.

Syathesis of B,H,2P(CH,),*BF,". From 0.53 mmol of B{H,, and
1.66 mmol of tri ine, with the use of a sublimation-sampling
apparatus,'* B,Hy-2P(CH,)y]; was prepared’ and was placed in a 22-
mm-o0.d. reaction tube equipped with a 24/40 inner joint and a 10-mm-
o.d. side tube (for the later introduction of the C(C¢H;),*BF, sample
into the reaction tube). The adduct was dissolved in 3.5 mL of CH,Cl,,

(10) Kelier, P. C. Inorg. Chem. 1971, [0, 1528.
(11) Mielcarek, J. J.; Keller, P. C. J. Chem. Soc., Chem. Commun. 1972,

10%0.

(12) Shimoi. M.; Kodams, G. Inorg. Chem. 1983, 22, 1542.

(13) Brown, H. C.; Stehie, P. F.; Tierney, P. A. J. Am. Chem. Soc. 1989,
79, 2020. Shore, S. G.; Lawrence, S. H.; Watkins, M. 1; Bau, R. J.
Am. Chem. Soc. 1982, 104, 7669.

(14) Dodds, A. D.; Kodama, G. [norg. Chem. 1979, 18, 1465.

Notes

and the solution was frozen at -197 °C. A 0.535 mmol sample of
C(C¢Hy);*BF,” was placed above the frozen solution through the side
tube under the atmosphere of dry nitrogen gas, the side~tube was sealed
off, and the vessel was evacuated. The reaction occurred at -80 °C as
evidenced by the change of color of the solution from a dark yellow to
a pale brown in 10 min. Pieces of solid (the trityl salt) were still seen.
The mixture was allowed to warm stepwise to —60, ~45, -23, and 0 °C
and room temperature while it was stirred for 10 min at each of the
temperatures. The solution was clear, and no noncondensable gas was
found. Then the solvent was pumped out, and the tube containing an
off-white solid residue was transfered to a fiitration unit. The solid was
washed with toluene until nothing could be extractsd, and then the re-
maining solid was washed into another tube with CH,Cl,. Removal of
the solvent from the solution by evaporation gave a white solid of
B,Hr2P(CH,);*BF,". Anal. Calcd for B;C,H,P,F B, 18.7%. Found:
18.4%.

Reactioa of B,Hy-2P(CH,), with B,H-THF. A 0.54-mmol sample of
solid B,H,THF was prepared'’ in a 19-mm-0.d. tube equipped with a
standard taper inner joint, and the adduct was dissolved in 1.5 mL of
CH,Cl,. A 0.53-mmol sample of B,Hy:2P(CH,); was prepared in the
same manner as described above, and placed in a 9-mm-o.d. tube
equipped with a stopcock and an outer joint. The tube containing the
B,H,THF solution was attached to the 9-mm tube through the joints,
the system was evacuated, and the solution was poured onto the B,H,-
2P(CHj;), sample at -80 °C. The B,H,- THF that was adhering on the
wall was gathered above the solution in the 9-mm tube by cooling the
lower end of the tube to 197 *C. The mixture was mixed to a uniform
solution at ~80 *C, placed in the cold probe of the NMR spectrometer,
and examined for its change, starting at -80 °C.

No change could be seen until the temperature was raised to -10 °C,
where a very weak signal of ByH;™ could be detected. At this tempera-
ture, the progress of the reaction was very slow. At +10 °C the growth
of the ByH,™ and B,Hy2P(CH,),* signals was reasonably fast. At +20
°C the reaction was almost complete in 5 min. At this time the signals
of ByHP(CH,); could be detected. The signals of B,H;-P(CH;), and
B;HrP(CH,), grew steadily at the expense of the B,H»2P(CHy)s*B,H,"
signais, and 1.5 b later the showed that the solution contained
B H¢P(CH,), and ByHP(CH,), in a 1:1 molar ratio, the minor con-
taminants being ByH,, BH,.P(CH,),, B;Hg2P(CH,),*, and B,H,".

Reaction of B,H,;2P(CH;), with BJH,,. A 1.1-mmol sample of B,-
Hg-2P(CH,), was prepered in & 10-mm-o0.d. tube equipped with a stop-
cock, and the adduct was dissolved in about 2 mL of CH,Cl;. A 1.1-
mmol sampie of B,H,, was condensed in the tube and was mixed into the
solution at —80 *C. The change in the solution was monitored on the
NMR spectrometer, starting at =80 °C.

No change could be detected until the solution was warmed to 20 °C
where the signals of B;H,™ and B,H,-2P(CH;),* began to appear. At
-10 *C the reaction was fairly fast, and the B,Hg signal grew. At +20
°C the B,H+2P(CH,),*B,H," formation was fast and appeared to be
completed in a few minutes. At this time the weak signals of ByHr
P(CH;), and B(HyP(CH;), were present in the spectrum of the solution.
Minor signals due to B;Hy and BH,-P(CH;), were detected also.

Acknowledgment. The authors acknowledge support of this
work by the U.S. Army Research Office through Grant DAAG
29-81-K-0101.

Registry No. B,H»-2[P(CH,),}]*BF,", 97042-31-4; B,H,-2[P(CH,);],
66750-83-2; B,Hg2[P(CH;,),])*, 97012-35-6; B,H,-THF, 52842-96-3;
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Isolation and Characterization of
Bis(trimethylamine)-Diborane(4)
Sir:

We wish to report that bis(trimethylamine)—diborane(4) has
been isolated as a sublimable solid. The trimethylamine adducts
of many borane fragments are well-known; however, the amine
adduct of the second simplest borane fragment B,H, was not
reported previously in the literature. Apparently in the past, the
compound was overlooked in the products of certain reactions that
should have contained the adduct.' or it was not formed by the
reactions that were chosen for its synthesis.” In general. reports
on nitrogen base adducts of diborane(4) have been scarce, and
characterizations of the compounds have not been complete.’ On
the other hand, the B,H, adducts of P(CH,),.* P(CoH.):.* PF.X
(X = H,7 N(CH,), F? Cl?* and Br%), and CO'® have been
isolated and characterized. Recent study in this laboratory on
the reaction chemistry of B;H-2P(CH;); revealed novel aspects
of this compound. These included the formation of a triboron
complex cation.!" the chelation to metal centers through two
B—H—M bridge bonds,'? and the framework expansion of borane
compounds.''>'*  These new developments involving B,H,:
2P(CH;); prompted us to investigate the nature of the tri-
methylamine analogue of the B,H, adduct and led 10 the isolation
of the once elusive trimethylamine adduct of diborane(4). The
behavior of the new adduct toward acids paralleled that of B,-
H;2P(CH;);. Yet, certain chemical properties of some of its
derivatives appeared to differ from those of the trimethylphasphine
analogue. A brief description of one such notable difference is
included also in this communication.

Treatment of tetrahydrofuran—triborane(7) with excess tri-
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methylamine in dichloromethane resulted first in the formation
of trimethylamine—triborane(7) at —80 °C, and then. when the
reaction mixture was warmed to 0 °C, the cleavage of the triborane
framework slowly occurred to give B;H-2N(CH,), and BH -
N(CH.,);. Typically, a 0.5-mmol quantity of B;H.-THF was
dissolved in about 1 mL of CH,Cl, and was allowed to react with
2.0 mmol of N(CH;),; at room temperature for 15 min. After
removal of the solvent by evaporation, most of the BHN(CH ),
in the solid residue could be removed by sublimation at 0 °C under
vacuum. and then the remaining solid was sublimed at room
temperature onto a cold finger (near 0 °C) to obtain a pure sample
of BH;-2N(CH,);. The yield was virtually quantitative. The
mass spectrum of the compound (EI. 17 ¢V) showed the parent
ion cluster in the range m/z 142-145, which corresponds to the
formula B,H;-2N(CH,);. The NMR shift values were -3.5 ppm
for ''B [BF;-O(C,Hj), reference] and 2.45 and i.67 ppm for the
methyl and borane protons, respectively. The ''B-spin-coupied
"H signal was broad with a doublet feature. which collapsed to
a singlet upon irradiation with the ''B resonance frequency.
The new bis(trimethylamine) adduct is inert to both tri-
methylamine and ammonia. However. trimethylphosphine dis-
places one of the two amine ligands from B.H;2N(CH,), readily
above 0 °C to give BaHN(CH;)-P(CHy);. NMR shifts for
B.HN(CH,);P(CH;};: "'B.-2.9 (By) and -37.0 ppm (B;): 'H.
2.52 (Heox) 114 (He p3J ~ 9 H2). 1,75 (Hg ). and 0.03 ppm
(Hg_p. °J ~ 17 Hz). The second amine ligand is resistant to this
displacement. Thus, only about 15% of the original amount of
the adduct was converted into B,H,-2PMe; when a solution of
B,H,2N(CHj;). in trimethylphosphine was kept at room tem-
perature for about 3 h. The bis(trimethylamine) adduct of B;H,
is reactive toward acids and is cleaved by hydrogen chloride to
form BH;-N(CH;); and BH,CI:"N{CH,);. When treated with
B,H, or B4H . it gave a new triboron complex cation, B;H,-
2IN(CH;),*. the counteranion being ByH-~ or B,H, . See the first
step in Scheme 1. NMR shift data for the ByH,-2N(CH,),*
cation: ''B, -9.7 (BH,) and -15.8 ppm (By): 'H. 2.73 (H¢) and
1.93 ppm (Hpy). Apparently, migration of the borane hydrogen
atoms is rapid relative to the NMR time scale and the 1.93 ppm
signal remains a singlet to -90 °C in the ''B-spin-dccoupled
spectrum. Although the B;Hy salt of the triboron cation is stable
at room temperature, the B;H; salt decomposes slowly above 0
°C and gives B;H,-N(CH,), and BH{N(CH,),. The above
behavior of B,H - 2N(CH;), toward acids and the stabilities of
the triboron cation salts are similar to those observed for B,-
H;-2P{CH,)," and its triboron cation derivatives.” Tt is noted.
however, that the reaction of BiH 2N(CH )P BH, with N(C-
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H,); proceeded in a manner which was entirely different from
that of ByH¢-2P(CH3);*B;Hy™. The latter compound reacted with
N(CH;); and gave the tetraborane(8) adduct ByHg-P(CH,)y
N(CH;);."* In contrast, the treatment of B;H2N(CH,),*B;H,"
with N(CH3); (1:2 molar ratio) at -20 °C resulted in the ab-
straction of a BH; unit from the cation: the B;Hg™ anion remained
intact. Thus another new diboron complex cation, B,H-3N-
(CH,),*. was produced.'® See the second step in Scheme 1. The
''"B NMR signals of this diboron cation appeared as broad humps
at 12.5 and -3.9 ppm with the half-height widths 300 and 450
Hz, respectively.

Thus, the isolation of B;H,2N(CH;); not only has filled the
vacancy in the list of representative compounds but also has given

(15) Kameda. M.: Kodama, G. Inorg. Chem. 1984, 23. 3705.

(16) Another diboron complex cation, B,H-2P(CH;),*. has been synthesized
[Kameda, M.; Kodama, G. “Abstracts of Papers™, 40th Northwest
Regional Meeting of the American Chemical Society, Sun Valley, ID,
June 1985: No. 59].

an additional insight into the roles of different Lewis base ligands
that are responsible for subtle reactivity differences of borane
adducts. Further work on the derivative chemistry of B,H,
2N(CHy3), is being pursued, and the details of the results will be
reported at a later date.
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2-(Dichloroboryl)pentaborane(9), 2-(C1,B)B,H,, was synthesized by the treatment of u-(Cl;B)BsH, with ether (Me,0, Et,0, or
tetrahydrofuran) followed by the reaction of the resulting 2-(C1,B-OR;)BsH, with BX; (X = Cl or F). The new compound was
characterized by its ''B and 'H NMR, mass, and IR spectra. Thus, the syntheses of all three possible isomers of (dichloro-
boryl)pentaborane(9), u-, 1-, and 2-isomers, were completed. The new isomer reacted with dimethyl ether, diethyl ether, or
tetrahydrofuran to form a 1:1 adduct that was undissociated at room temperature. Ethylene inserted into the terminal B-B bond
of the isomer to give 2-(Cl,BC,H,)B;H,, and bromine cleaved the B~B bond to give 2-BrB;H; and boron trihalides. The compound
was inert to hydrogen chloride. The above conversion of u-(Cl;B)BsH, into the 2-derivative of pentaborane as the result of the
cther treatment was compared with the similar conversion of the group 14 element derivatives and was contrasted with the

conversion of u-{(CH,),B]B;H; into a hexaborane(10) derivative.

Introduction
Earlier, we reported the synthesis and characterization of u-
(dichloroboryl)pentaborane(9).!  This compound featured a

dichloroboryl (BCl,) fragment bridging two of the basal boron
atoms of the pentaborane framework. (See structure I.) Sub-

sequently, Gaines and co-workers® reported the synthesis and
characterization of the isomeric compound 1-(dichloroboryl)-
peataborane(9) (structure II). This compound was unique in that
a trigonal boron moiety was o-bonded to a boron atom in a boron
hydride cluster. Indeed, this compound was the first exampie of
BX, substitution at the terminal position of the pentaborane(9)
framework. We now report the synthesis and characterization
of a third isomer of (dichloroboryl)pentaborane(9), 2-(C1,B)BsH,.
This isomer, shown as structure I1I, contains a similar, discrete
boron—boron o-bond at a besal position of the pentaborane
framework. This study thus concludes the isolation of all three
possible isomers of (dichloroboryl)pentaborane(9).
Resuits and Discassion

A. Synthesis of 2-(C},B)BH,. 2-(Dichloroboryl)penta-
boranc(9) was formed by a two-step process starting with u-
(dichloroboryl)pentaborane(9):

u-(CiB)ByH, + R0 ~“ooce 2-(CLBOR)BH, (1)

R,0 = M¢,0, Et,0, or tetrahydrofuran (THF)

low temp
2-(C1,B-OR;)B,H, + BX, i CHL),

2’(CIIB)35H| + X;B-OR; (2)
BX; = BF, or BC,

In eq 1, the BCl, group migrated from its original bridge position
to a basal terminal position upon the reaction with ether.
Characterization of 2-(Cl;B-OR,)BsH; is described in part D of
this section. Treatment of the ether complex of 2-(dichloro-
boryl)pentaborane(9) with an excess of BX, in dichloromethane
liberated 2-(Cl1,B)B;H,, which was recovered in & 65-70% yield
based on the original amount of u-(Cl,B)B,H, used. For case
of isolation of 2-(C1,B)BsH;, BCl, was the preferred choice of
Lewis acid to BF,, because of the lower volatility of its ether

! In this paper the periodic group notation is in accord with recent actions
by IUPAC and ACS nomenclature committees. A and B notation is elimi-
nated because of wide confusion. Groups 1A and 11A become groups ! and
2. The d-transition elements comprise 3 through 12, and the p-block
clements comprise groups 13 through 18. (Note that the former Roman
mmh-;%?nimdhthehndiﬁtdthmnumuﬁuz e.g.

-3 N

adducts relative to that of the BF, etherates. The compound
2-(Cl1,B)BsH; was isolated as a volatile, colorless liquid that
yellowed on standing at room temperature in vacuo. It was
extremely sensitive to water and air and required exhaustive

ing of the high-vacuum apparatus to prevent immediate
formation of Bs;H, and a nonvolatile white solid. Although it
appeared reasonably stable at room temperature up to | week in
dilute dichioromethane solutions, most solutions of this compound
slowly turned yellow upon long standing at room temperature and
BsH, was detected in the ''B NMR spectra of these solutions.

B. Characterization of 2-(C1,B)B;H,. Mass Spectrum. The
mass spectrum of 2-(Cl,B)B;H,; displayed a cluster of peaks
around m/z 143, with the highest mass cutoff at m/z 148, which
corresponded to the formula 'Bs'H,*'Cl;. Other significant peak
clusters in the spectrum included m/z 58—63 and 80-8S5, corre-
sponding to B;H,* and BCl,*, respectively. Thus, it appeared
that the facile dissociation of the boryl group in the spectrometer
was similar to the case of the u-(Cl,B)B;H, isomer.!

NMR Spectra. The !'B and '"H NMR data for 2-(C1,B)B;H,
are listed in Table I along with those for other new, related
compounds, and the !'B spectra are shown in Figure 1. The
doubiet signal at -50.3 ppm can be assigned to the apex B(1) atom,
and the two doublets at -11.8 and -7.8 ppm in an approximately
2:1 intensity ratio are assigned to the B(3,5) and B(4) atoms,
respectively. The signal of the trigonal boron atom in the -BCl,
moiety appears at +67.5 ppm with & Juguy value of 106 Hz. The
signal of the B(2) atom, which is expected to be a broad quartet
also, is overlapped by the B(3,5) signal, and only its high-field
end is discernible in the 'H-spin-decoupled spectrum (see Figure
1). The !'B-spin-decoupled 'H NMR spectrum shows the presence
of two signals in a 1:1 intensity ratio in the bridge hydrogen region.
Thus, the NMR data are consistent with the structure of 2-
(Cl1,B)BsH,, which is schematically indicated in the figure. It
is noted that, although the terminal ''B-!'B coupling constant
(106 Hz) is in the range (79-151 Hz) that has been found for
the other compounds,’ the Kroner and Wrackmeyer correlation
predicts®* a value of 86.2 Hz for the ''B-"'B coupling constant.
The assumptions made for the calculation were that the ~BCl,
moiety is hybridized sp? and the hybridization of the B(2) atom
in 2-(Cl;B)BsH; is the s1me as that in 2,2-(BsH,),, which is
deduced from the observed B(2)-B(2”) coupling constant 79.4 Hz.?
The disagreement between the observed and calculated values is
considerable. It has been shown’ that the same treatment for the
terminal !'B~"'B coupling constant for 1-(Cl,B)BsH,, with the
assumptions similar to the above, gives 118.8 Hz, which is in good
agreement with the observed value 124 Hz. The cause of this
discrepency between the two systems is not immediately obvious.

(1) Nelson, M. A.; Ksmeda, M.; Snow, S. A.; Kodama, G. inorg. Chem.
1982, 2/, 2898.

(2) Gaines, D. F.; Heppert, J. A; Coons, D. E.; Jorgenson, M. W. Inorg
Chem. 1982, 21, 3662.

(3) Anderson, J. A.; Astheimer, R. J.; Odom, J. D.; Sneddon, L. G. J. 4m.
Chem. Soc. 1984, 106, 2275 and references therein.

(4) Kroner, J.; Wrackmeyer, B. J. Chem. Soc., Fareday Trans. 2 1976, 72,
2283.
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Tablel. ''Band 'H NMR Data for 2-(C1,B)B,H, and Related Compounds
1B Shifts (ppm) and Coupling Constants (Hz)

B(1) B(2) B(3,5) B(4) B(6)
compd shift ‘,BH shift JBH shift "BH shift ‘,BH shift JBB
24(C1,B)B,H, -50.3 178 -13.3 -11.8 160 -7.8 165 +67.5 106
2-{C1,B-O(CH,), | B,H, -517 171 -59 -136 158  (-136F  (158)  +I13 b
2-(Cl,B-O(C, H,), | B,H, -523 165 -44 -143 159  (-143F (159 +12 b
2-(C1,B-OC,H,)B,H, -51.2 169 ~-3.1 -12.9 159 -1297 (159) +8.4 b
2-(C1,BC,H,)B,H, -52.5 172 +1.9 -13.8 156 -18.2 156 +62.0
2[CLB(OC,H,)C,H,]B,H, -529 171 +38 -146 160  -19.7 157 +14.1
4~Cl, B)B,H,* -342 185 —4.5 185 {for B(2,3) and B(4.5)] +74.8
1-(C1,B)B,H,4 -51.8 ~131  160.6 [for B(2,34.5)] +15.7 124
'H Shifts (ppm)
compd H(l) H(34,)5)* H(x) compd H(1) H@345) H(u)
2-(C1,B)B,H, +066  +278  -1.65-1.88  24CL,BC,H,)B,H,f +049  +244 -151,-221

2-(Cl B-O(C,H ),1B,H,/ +0.31 +243

-1.82,-2.20

% The B(3,5) and B(4) signals are overlapped, and the shifts are almost identical. 5 The expected quartet structure could not be observed

due to the broadness of the signal. © Reference 1. 9 Reference 2.

¢ The ngm.ls of H(3,5) and H(4) could not be resolved uneqmvocauy due

" to the broadness of the signals. ! The signals of the CH, and CH, protons in (C,H,), 0 appeared at 1.39 and 4.14 ppm, respectively. & The
signals of C,H, protons are located in the range from 1.0 to 1.6 ppm as OVerhpped peaks of a second-order coupling pattern.
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Figwe 1. "B NMR spectra of 2-(BCI,)B,H. in CH,CI, at ambieat
temperature: upper, normal spectrum; lower, proton-spin-decoupled
spectrum; circles, signals of B,H,.

C. Reactions of 2-(C1,B)B;H,. With Diethyl Ether. Treatment
of 2-(C1,B)BsH, with diethyl ether at ~80 °C resulted in the
immediate formation of the ether adduct, which was stable in a
diethyl ether solution at room temperature up to 3 h. This behavior
was significantly different from that observed for 1-(C1,B)B;H,,
which did not appear to form an ether compiex until it was heated
to 50 °C.2 It is known that on the pentaborane framework the
apical position carries the greatest negative charge.’ This higher
charge density would decrease the acidity of the apically sub-
stituted BCl, moiety through an inductive effect. It is notable
that there is a significantly large difference in the terminal ''B~!'B
coupling constants of the 1- and 2-isomers (/24 Hz for 1-
(C1,B)BsHy? vs. 106 Hz for 2-(C1,B)BsH,). This would imply
that the B-B bond in the apical isomer is stronger and therefore
more resistant to the bond deformation. It may be this high energy
of reorganization that requires the heating of the mixture for the
1-isomer adduct formation. The considerable difference in the
observed behavior of these two isomers toward diethyl ether,
however, is not completely understood. Further study, both ex-
perimental and theoretical, is nceded to elucidate this different
behavior.

With Bromine. Bromine reacted with 2-(Cl,B)BsH, at a
moderate rate in a dilute dichloromethane solution at room tem-
perature, and 2-BrB;H, and boron trihalides were produced:

2-(C1,B)B,H, + Br, — 2-BrB;H, + “BCl,Br"

The mixed halide of boron in the product underwent a dispro-

(5) See, for example: Lipscomb, W. N. In “Boron Hydride Chemistry™;
Mouetterties, E. L., Ed.; Academic Press: New York, 1975; p 54.

portionation reaction to produce BCl, and BBr,. This reaction
can be compared with the cieavage of B,Cl, with Br, that occurs
at =23 °C to form a mixture of BCl; and BBr; as the final
products.®

With Hydrogea Chioride. No evidence for the reaction between
HCI and 2-(Cl,B)B;H; was detected when the reactants were
mixed in dichloromethane and kept standing for 1 b at room
temperature. This contrasted with the reactivity of the B-B bond
in B,H.oZP(CH,),, which was cleaved readily by chiloride
at -80 °C to give (CH,),P-BH, and (CH,),PBH,C! leomn
tetrachloride, however, appeared to be inert to hydrogen chioride.

With Ethylene. EthylenelmenadmtotheB-Bbondofz-
(C]QB)B’H. to give 2-(C,23C3H4)D,H|. The reaction was slow
at room temperature cven in the presence of excess ethylene,
requiring up to 2 weeks for the formation of s sufficient amount
of the product. Thus, the rate of this reaction appeared to be
comparable with that of 1-(Cl1,B)BsH; with ethylene.? Insertion
of ethylene into the BB bond in B,Cl, proceeds readily at —80
°C.? In contrast, ethylene does not react with B,H2P(CH,),,
even at room temperature.'®

The ethyiene insertion product, 2-(Cl,BC,H,)BsH,, was isolated
as a colorless liquid, which was stable at room temperature, and
was characterized by its ''B and 'H NMR spectra (Table I). The
B(4) signal is shifted upfield 10 ppm from that of 2-(C1,B)BH,,
and the B(2) signal is shifted downfield by 11 ppm. Thus, the
appearance of the ''B NMR spectrum resembles a superposition
of the 2-CH,;B;H, and CH,BCl, spectra.!! The compound formed
an adduct with tetrahydrofuran at the BCl, site, as indicated by
the large upfield shift of the BCl, signal from +62.0 to +14.1 ppm.

The above described reactions indicate that the reactivity of
2-(C1,B)B;H, is similar to that of the l-isomer except for the acid
behavior toward diethyl ether. These BCl, derivatives of penta-
borane(9), however, are less reactive than B,Cl,, or *(C1;B),".
The reactivity pa.tern of another B-B-bonded compound, B,-
H,2P(CH,),, did not parallel that of the dichloroboryl compounds
due to the entirely different environment of the boron atoms.

D. Reactioms of u-(Q),B)B.H, with Ethers ((CH,),0, (C;H;),0,
(CH,),0). The reaction of u-(Cl;B)BsH, with dimethyl ether,

(6) Apple, E. F.. Wartik, T. J. Am. Chem. Soc. 1958, 80, 6153.
(7) Kameda, M.; Kodama, G. Inorg. Chem. 1980, 19, 2288.
(8) Urry, G. In “The Chemistry of Boron and Its Compounds”; Muetterties,
E. L., Ed.; Wiley: New York, 1967 Chapter 6, p 351.
9 Urry.G Kennn.] Parsons, T. D.; Schiesinger, H. 1. J. Am. Chem.
Soc. 1984, 76, 5299.
(10) Kameda, M.; Kodama, G., unpublished observation.
(11) "B NMR shift values in ppm: for 2-CH,B,H,, B(1) -50.4, B(2) +2.2,
B(3.5) -12.7, B(4) -18.1; for CH,BCl,, -62.3 (taken from: Eaton.G.
R.; Lipscomb, W. N. “NMR Studies of Boron Hydrides and Related
Compounds™; W. A Benjamin: New York, 1969; pp 112, 449).



2-(Dichloroboryl)pentaborane(9)

diethyl ether, or tetrahydrofuran was very rapid at -80 °C in the
ether itself as solvent or in dichloromethane. As the reaction was
monitored by ''B NMR spectroscopy, the signais of u-(C1,B)BsH,
immediately disappeared and were replaced by the signals of
2-(C1,B-OR;)BsH;,, which are listed in Table I. No otber signals
of possible intermediates could be detected. As one visualizes from
the shift values in Table I, the ''B NMR spectra of the etherates
have a general feature that is common to that of BsHy; i.e., two
distinct doublets around —52 and ~13 ppm stand our conspicuously.
Two major differences between the ''B NMR spectra of u-
(C1,B)BsH, and 2-(C1,B-OR;)BsH,, however, help to identify the
ether adduct. First, the resonance of the BCl; boron atom has
been shifted upfield more than 60 ppm. This is consistent with
the conversion of a trigonally coordinated boron atom into a
tetrahedrally coordinated boron atom. The second difference
between the two spectra is the broadness of the two signals that
are assigned to the C1,B-OR; boron atom and to the B{2) atom
of the pentaborane framework. This wide breadth (»,/, > 350
Hz) umtwmnheplmdtheB-Bsm;kbom‘
the two boron atoms. The ''B-spin-decoupled 'H NMR spectra
showed two signals in the region of bridge hydrogen resonances
in a 1:] intensity ratio. This is also consistent with the 2-isomer
structure of the adduct, but not with the u-isomer structure.
The above described migration of a boron atom from the bridge
to the 2-position of the pentaborane(9) framework is new for group
13 element derivatives, but is reminiscent of the ether-catalyzed
isomerization of group 14 element derivatives of pentaborane(9),'?
eg.

u-(ER;)BHy —— 2-(ER,)BsH, (E = Si, Ge)

Among the group 14 elements, carbon is unique in that the
carbon-bridging derivatives of pentaborane(9) are unknown,
whereas several 2-(alkyl)B;H, species are known.!* Gaines and
Jorgenson suggested,'* on the basis of their observation on the
reactions of BsH,~ with allyl iodide and with benzyl bromide both
in the absence of & Lewis base, that the carbon-bridging derivatives
were thermodynamically unstable with respect to the corresponding
2-isomers and that the u-derivatives isomerized to 2-derivatives
at rates comparable to the rate of formation of the u-derivatives.
In our boron atom migration, the actual migrating group,
-BCl1,-OR,, behaved as a “quasi-alkyl® moiety and migrated
rapidly to the 2-position in a manner similar to that of the alkyl
analogue. The formation of 2,2'-(BsHg), in the reaction of
K*B;H;™ with 2-BrB,H,'’ can be interpreted as the result of the
quasi-alkyl behavior of the basal boron atom, which may have
entered first at thé bridging position of the pentaborane anion
framework.

While the above similarity is apparent, a striking difference
is noted between u-(Cl,B)BsHg and u-[{(CH,),B}BsH; in the
results of their interactions with ether; the latter converts into
4,5-dimethyihexaborane(10) in the presence of diethyl ether.'®
It is important to clarify the factors involved in these two different
processes since they would be responsible for determining the route
to the cage expansion or to the exocage substitution after a borane
species has been placed in a bridge position of a boron hydride
cluster.

Experimental Section

General Data. Conventional vacuum-line techniques were used for the
handling of volatile compounds. For quantitative manipulation of (di-
chloroboryl)pentaborane(9) derivatives it was essential to have Teflon
stopcocks fitted with Viton O-rings and removable joints with O-ring seal
because of these compounds’ high affinity for Apiezon M or N high-
vacuum grease. Air- and moisture-sensitive solids were handled in glo-
vebags filled with dry nitrogen gas. Boron trichloride, boron trifluoride,

(12) Gaines, D. F; lorns, T. V. J. Am. Chem. Soc. 1968, 90, 6617.

(13) See, for example: Gaines, D. F. Acc. Chem. Res 1973, 6.416. Shore.
S. G. In “Boron Hydride Chemistry”; Muetterties. E. L. Ed.: Academic
Press: New York, 1975, Chapter 3.

(14) Gaines, D. F.; Jorgenson, M. W. Inorg. Chem. 1988, 19, 1198

(15) Gaines.D. F.; . M. W Kulzick, M. A_J. Chem. Soc., Chem.
Commun. 1979, 380.

(16) Gaines, D. F; lorns, T. V. J. Am. Chem Soc 1979, 92, 4571
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dimethyl ether, ethylene (Matheson Gas Products), and bromine (Mal-
linckrodt Chemicals) were purified by fractional condensation on the
vacuum line. Commercially obtained reagent grade diethyl ether and
tetrahydrofuran were stored over LiAIH,, and dichloromethane was
stored over molecular sieves. These liquids were distilled directly into
reaction vessels on the vacuum line.

The ''B and 'H NMR spectra were recorded cither on & Varian
XL-100-15 spectrometer or on a Varian FT-80A spectrometer, both of
which were operating in the FT mode. For the Varian XL-100-15,
spectra were obtained at 32.1 and 100.1 MHz (''B and 'H, respectively),
or for the FT-80A, !B spectra were acquired at 25.5 MHz. Chemical
shifts were expressed with respect to BF,-O(C,H;), and tetramethyl-
silane. The mass spectra were obtained from a VG Micromass 7070
double-focusing high-resolution mass spectrometer * ith VG data System
2000. Infrared spectra were acquired on a Beciman IR-20 infrared
spectrometer.

Reactioas of 4-(C1,B)B;H, with Ethers (Me;0, Et,0, THF). Samples
of u-(Cl,B)BsH, were prepared by the literature method.! Reactions
with ethers were performed in 9-mm-o0.d. Pyrex tubes that were fitted
with stopcocks. A weighed sample of the u-isomer was condensed at the
bottom of the reaction tube and was dissolved in about 2 mL of CH,Cl,.
Then & measured amount of the ether sample was condensed into the
tube. The mixture was allowed to melt and was agitated briefly at 30
°C. Then the tube was placed into the probe of the NMR spectrometer
(-80 *C) for the spectrum recording. The reaction of u-(Cl,B)B;H with
the ether was rapid and essentially compiete at this temperature. In any
mixture where the ratio of ether to u-(Cl1,B)BsHy was greater than 1, the
"B NMR spectrum showed compiete conversion of u-(Cl,B)BsH, into
2-(C1,B-OR;)BH;. In separate experiments where the ratio was less
than 1, the spectrum showed the presence of both u-(Cl,B)BsH, and
2-(C1,B-OR,)BsH,. No evideace for the catalytic conversion of u-
(Cl1;B)B,H, by the ethers into 2-(C1,B)B,H; was found in these exper-
iments.

The etherates, 2-(C1,B-OR;)BsH;, were unstable white solids that
rapidly yellowed at room temperature. When prepared from u-
(C1;B)BsH,, they were unstable in room-tempersture solutions, and
HBCI1+0R; was the major identifiable boron-containing species in these
decomposition mixtures. It was noted that when 2-(Q,B)BH; was
dissolved in diethy] ether, the resultant solution of 2-(Cl,B-OEt,)B;H,
in the ether a somewhat more stable than when this compound
was prepared from u-(Ci,B)BsHy. No HBCl,OEt, was detected in the
"B NMR spectra of these solutions up to 4 h at room temperature,
whereas within 0.5-1 h this compound was detected in the solutions
prepared from the u-isomer.

Preparation and Isolation of 2-(C1,B)BsH,. In a typical preparation,
3.04 mmol of u-(Cl,B)B;H; was distilled into a 22-mm-o0.d. tube (as
described previously) that contained a stirring bar. An 8-mL sample of
dry CH,Cl; was distilled into the reactor, and the two components were
mixed together to form a uniform solution. The solution was cooled to
~197 °C to condense in 4.65 mmol of THF, and then the mixture was
stirred for 30 min at -80 °C to complete the reaction. To this mixture
at -80 °C was introduced BC!, (6 mmol). Approximately one-third of
it was absorbed immediately. At this point solid BCl, THF was scen
precipitating from the solution. The remaining BCl; was condensed in
at-197 °C. After the solution was allowed to melt, it was stirred for 15
min at -80 °C, 30 min at ~45 °C, and finally 20 min at 0 °*C. Then the
volatile component was distilled out at 0 °C into the vacuum line until
only a fluffy white solid (primarily BC1;-THF) remained behind. The
last of the volatile component was pumped out at room temperature
Then the volatile component was set at =63 °C and CH,Cl, was pumped
out. 2-(Cl,B)BjH, was left behind as a white solid that melted uniformis
upon warming. It was purified further by distilling out at 0 °C and
fractionaily condensing 1n a ~45 °C trap. This procedure allowed for
final removal of the high-volatility impurities. Yield: 2.10 mmol of
2-(Cl,B)BsH, or 69.1% based on the original amount of x-(Cl,B)BH,
The mass spectrum of the compound was obtained on the spectrometer
operating at 15 ¢V. The observed relative intensities of the peaks in the
parent cluster were as follows (m/z, observed intensity (calculated reia-
tive intensity for BgHyCly)): 148, 1.3 (1.2); 147, 1.6 (1.6); 146, 7.9 (8 4).
145,110 (10.8); 144,17.0(17.5); 143,17.9(17.9); 142, 11.4(9.7). 14",
3.4 (3.0); 140, 0.9 (0.5); 139, 1.0 (0.05). The agreement between the
observed and calculated values is good and suggest: bat the successive
losses of pairs of hydrogen atoms were minimal for this compound under
the conditions of the spectrum acquisition. The losses of hydrogen atoms
in mass spectrometer have been observed commonly for many borane
compounds.'’

(17) Shapiro, 1. Wilson, C_O., Ditter, J. F.. Lehman, W. J. Adv. Chem Ser
1961, No. 32,127, Dodds, A R.. Kodama. G. K. /norg. Chem 1979,
18, 1465.
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Infrared spectral data for 2-(Cl,3)BsH, (10~cm gas cell equipped with
KBr windows): 2592(s), 1785 (w, br), 1395 (m, br). 1335 (w, sh), 1187
{w), 1140 {m). 975 (sh), 937 (s), 885 (s). 839 (sh). 775 (w), 722 (W),
660 (m). 590 (w, br), 448 (w) em™.

Reaction of 2-(C1,B)B,H, with Diethyl Ether. Into a 9-mm-o.d. tube
(as described previously) were condensed at -197 °C 0.2 mmol of 2-
C1,B)B(H, and 1 mL of diethyl ether. The tube was warmed to -80 °C,
agitated. and then placed in the probe of the NMR spectrometer for ''B
analysis. At -80 °C compiexation of the cther had siready occurred and
only the signals of 2-(Cl,B-OEt;)BsHy were present in the spectrum.

Reaction of 2-(C1;B)BH, with Bromime. Into 2 9-mm-o.d. tube (as
described previously) were condensed at -197 °C 0.11 mmol of 2-
(C1,B)BsH,. 1 mL of CH,Cl;, and 0.13 mmol of Br, (the once frac-
tionated bromine was dried over P,O, at room temperature). The mix-
ture was warmed to ~80 °C with agitation and then placed in the NMR
probe. At 0 °C the signais of 2-BrBsH,'* began to slowiy grow, and after
1.5 h at room temperature the reaction was sssentially complete. The
color of the solution, which had been previously a very dark orange-red,
had faded to a light yellow.

Since immediate assignment of the ''B NMR signals of the products
was quite difficult due to extensive peak overlap, the product mixture was
fractionated on the vacuum line. When the volatile component was
passed through a —63 *C trap, the high-volatility (BCl,, BBr,) component
couid be separated and identified. The low-volatility fraction consisted
of 2-BrB,H, (signals at -13.2, -20.9, and -52.9 ppm: lit.!$ ~-11, ~~15,
~=20, and ~53.5 ppm) and possibly a small amount of 1-BrB,H, as
identified by the presence of signals at ~12.6 and -35.9 ppm (lit.'* -12.5
and -36.1 ppta).

Reuctioa of 2-(CL,B)B;H; with Ethyleme: Synthesis of 2-
(CL,BC,H)BsH,. In a typical preparation 0.75 mmol of 2-(Cl,B)BsH,

(18) Eaton, G. R.; Lipscomb, W. N. “NMR Studies of Boron Hydrides and
Related Compounds™; W. A. Benjamin: New York, 1969; pp 167-108.

was condensed at ~197 °C into a 22-mm-0.d. tube (as described previ-
ously). Above the borane compound were condensed 2 mL of CH,Cl,
and 1.33 mmol of C,H,. The mixture was then warmed to room tem-
perature, and stirring was commenced. After 2-3 h the solution had
turned slightly yellow, but this color did not appear to intensify with
prolonged reaction. The stirring was continued for 2 weeks, constantly
at room temperature. Then the reactor vessel was connected to the
vacuum line and all of the volatiles were condensed into a -197 °C trap.
The new compound, 2-(C1,BC,;H,)BsH,, was isolated in a pure form by
fractional condensation of the volatile component into a =35 °C trap.
The compound was a colorless liquid. The ''B NMR spectra of the neat
compound or its CH,Cl, solution showed no sign of decomposition after
2 h of standing at room temperature. Yield: 0.14 mmol or 18.6% based
on the original amount of 2-(C1,B)B;H,. The other major identifiable
boron-containing product was BgH,, which was identified by its ''B
NMR spectrum.

Reaction of 2-(Q1,BC,H,)B;H, with THF. A 0.10-mmol sample of
2-(Cl,BC,!-L)B,H. was condensed at —197 °C into a 9-mm-o.d. reaction
tube (as described previously). Above this compound was condensed .5
mL of THF; the mixture was warmed with agitation to =80 °C and then
placed into the probe of the NMR spectrometer. At this point the
reaction was complete, and quantitative conversion into the THF complex
was indicated by the !B NMR spectrum (see Table I).
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29-81-K-0101.
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Earlier, we reported the synthesis of the heptahydrobis(tri-
methylphosphine)tetraboron( 1+) cation, ByH--2P(CH)*.* This
cation was prepared by abstracting a hydride ion from B H.-
2P(CH ) with the use of triphenylcarbenium (trityv]) cation

B,H2P(CH )+ CC HO) -
B H-2P(CH, )+ CC H L H

This method of hadride abstraction should be applicable to the
preparation of other polvboron complex cations. However, the
case of hvdride abstraction must be dependent upon the hyvdndic
nature of the borine hvdrogens on the substrate borane compound
As the borane structure becomes larger. the borane hydrogen
atoms are expected to become less hvdridic © Furthermore. the
hdnidic character of borane hvdrogen atoms should be influenced
by the number of the trimethy iphosphines that are attached to
the borane framework. [t was, therefore, of interest to test the
reaction on other gher borane compounds contamnimg different
numbers of trimethyviphosphimes. Synthesizing new pols boron
cations was ot interest by atselt In parucular, the structures of
these cations were of interest . The above tetraboron cation s
isoctectronie and isostructural with B,HPOCH ), and BHL, as
B.H.2PCCH O BH-P(CH )L and BJH, are isoelectronic and
ostructural with each other ' The generality of this socleu-
tranic isostructural feature had yet to be tested. This paper
deseribes the results of these tests. which were performed on
trimethy Iphosphine adducts of pentaborancei9)

Results and Discussion

A. Reaction of Bis(trimethylphosphine) - Pentaborane(9) with
Tritsl Cation. The adduct B.H2PICH ), reacted with trinsd
tetrafluoroborate or hexafluorophosphate in dichloromethane at

RO °C 1o give the B.HG2PICH),* cation. The BE, salt of this

Cation was reasonably stable at room temperature, but the P,
salt decomposed rapidly above 0 °C

NMR Spectra. The NMR data for the BHC2PICH ) cation
are histed in Table I The "B spectra shown in Figure 1 im-
mediately indicate that the molecule is of € svinmetry and tha
the 494 ppm stgnal s due to the apex boron atom* to which one
of the phosphines is attached. The triplet feature of the 143
ppm signal (due 1o the other phosphine-attached boron atom) and
the two doublet signals at 0 3 and 6.9 ppm suggest the structure
of the cation to be that shown in Figure 1 The assignments were
hased on the "H spectra obtained by the selective decoupling ol
buron spins

B Reaction of Trimethylphosphine Pentaborane(9) with Trity)
Cation. A 11 mixture of BJAL-P(CH O and tris ] retrafluoro-
borate in dichloromethane remained unchanged at 80 °C  Aq

W °C, however, a rapd reaction occurred and the BoH-P-
(CH D cation was produced . The BE, salt of this cation was

(1) Kameda. M . Kodama. G Inorg her 1988 2827102

t2) Parrs, R W Fdwards. LY T dm Chem Soo 1989 47 115y
() Rameds M Kodama, G dm Chenr Soc 19800 102 1647

(45 Hermaneh. S Plesek b /7 tnorg tHy Chemr 1974 400 114

Q0201669 K7 1326-2011%01 500

Table I. NMR Shift Data for the BiH2P(CH )" Cation

temp. °C shift in ppm, assignt (J in Hz, Jyy) {rel intens]

] +20 494, B, (143, Jgp) [1]. 1430 B (103, Jgp) [ 1]
~9.7. By [1]; +0.3. By (125, Jgy) [1]: 6.9, B, (12X,
Jan) 1]

H 10 VRS Hoa [V -1 20 Hygo [V, 0TS H_ L (1),
LT H, [V 093 Hof1]. 294 Ho[H]. 320 1,
(1]. 3.46, Hy {1]: 136, Heo, U9, Sy (9], 1 56,
Heos (128, Uy 19)

“p +20 D3P (146, Jpg) [1]. S 3PS )

Table II. NMR Shift Data for the BeH,-P(CH L ® Cation

temp, °C shift in ppm, assignt (Jin Hz, Sy ) [rel intens)
"y M aK6 B, (2200 g 1) VU2 B (172, S (8]
YT IS H, [4]. 2860 HL (165, Tyt (3], 173 H (13,
e 3 Ypw) (9]
p 10 95 (218, Jpy)
e ! v‘
rlt , !
o
I
!
P
\
;
. i

Figure 1. 1 eft Structure proposed for BAHEG2POCH D Posion ot the
busal phosphine tendo or exay s uncertain . Right 96 2 M, B N\MR
spevita of the cation (BE, salt, #20 °C O DLCLosolventy The upper
spectrum s normal, the lower spectrum s proton span decoupled The
truncated tall peak at 04 ppnyos due 1o BE

t
o,
H " N
\ /’\/ "
M AP ,—"\“
7N,
\N/&’

'

"

TTTYTY Yy f T T

-fr- Lo LN N Y]
Figure 2. et Structure proposed tor BAHGPOCH D 0 Right 96
ME B NMR spectra of the canon (BE, salt. 2090 CDGCT ol
vent) The upper spectrum s normal, the lower spectomm s proton spin
devoupled

fanrly stable at room temperature When tnnd hevatTuore
phosphate was used. the pentaboron cation could not be obtaimed
Apparentls, the PH, ion was involved in the reaction Thus, even
at R0 °C B.H-PICH )Y was consumed and various boron com-
pounds were produced. These compounds included Bl . Bl
P(CH ). Bl BHP(CH L and other umdentified species

NMR Spectra. The data are listed in Table [T The "B spectra
shown n Figure 2 suggest that the molecude s of Gy symmetry
The spectral data are consistent with the structure llustrated in
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Figure 2. The extremely large value of Jgp (220 Hz) is noteworthy.

C. Pentaborane(9) and Trityl Tetrafluoroborate. Penta-
borane(9) did not react with trityl tetrafluoroborate in di-
chloromethane at room temperature.

D. Conclusion. The reactions described above demonstrated
that the attachment of clectron-donating trimethylphosphine to
pentaborane enhances the hydridic behavior of the borane hy-
drogen atoms: The case of hydride abstraction by the trityl cation
increases with the number of trimethylphosphines attached to
pentaborane.

The new polyboron complex cation B{Hy2P(CH ),* is iso-
structural with its isoelectronic, neutral and anionic counterparts
BHyP(CH,),** and BH,, 7

(L7 TLT

Thus, the isoelectronic-isostructural feature observed for the
triboron and tetraboron trios is now extended to the pentaboron
trio. It is noted that, among BHe2P(CH)*. BAHP(CH ..
and BH,, . the anion is most fluxional with respect to its borane
hyvdrogen atom migration®” and the cation is least fluxional. The
same trend has been observed for the corresponding trios of tri-
and tetraboron ' The other new cation. BAHP(CH 0):*. belongs
to a new family of polyboron complex cations with the general
formula B,H,, -P(CH.),*. and it is isostructural also with its
1soefectronic, neutral counterpart B(H,

Two different salts of the trity[ cation were used in this study
The BF, salt vielded reasonably stable salts of the pentaboron
cations. but the P, salt did not. Whenever the PF, salt was
used. BE, and BEF-P(CH ), were formed  The interiaction of the
PF. ion with borane species is an interesting subject of 4 separate
study, and the resutts will be reported at a later date upon com-
pletion of the study

Experimental Section

General Information. ¢ onventional vacuum-hine technques were used
throughout for the handling of arr-sensitive, volatile compounds N\
trogen gas filled. plastic bags were used tor the traoster of wir-senatne
salids . Pentaboranct9y (Cailers Chenical Co b was fractionasted and
treatad with tnimethytphosphine taborators stock. prepared by i litera-
ture methad®) to prepare the samples of BOHG2PCH 0, The sample
of BLHPOCH ), was prepared from BoHL and BAH 2PCCH O by the
method deseribed previoush © The BE, and PE, salts of the trits] cation
CAldrich Chamical Cooand A Prodocts) were reerystadbized trom
dichloromethane  The NMR spectra were recorded on g Varan X100
or X1-300 wpectrometer - Chemical shefts for 'Boand VP resonances were
recorded with reference to the BE -OCCH O and X377 orthophosphornic
acd signads, respectinely  For Horesonances, the shift ot dickdorn
methane was taken o be at 8 28 ppm- The reactions of the pentaborane
compounds with the tris ] salts were performed i 10-mmeod. Pyrey
tubes The tubes containing reaction mixtures were placed i the probe
of the NMR nstrument to monmitar the reactians

Reaction of B.H.-2P(CH )}, with Trityl Cation. A 0 49-mmal sample
of BAHG2PICH ), was dissolved 1n about 2 ml of CHLCLOn the regetion
tube.and a 0 61-mmol sample of C(CHOBE, was added i the tube

above the frozen solution.  As the reaction muxture was agitated by
shaking the tube in a —80 °C bath, the dark yellow color of the tnyyl
cation changed rapidly to a faint yellow. At this stage the oniginal
B.Hy2P(CH,), had been completely converted into the B{H, - 2P(CH )"
cation. As the tube was allowed to warm to room tempersture, a clear,
straw yellow solution resulted. At this point the solution did not contain
any boron compound other than the BF, salt of the pentaboron cation
The volatile components were evaporated under vacuum, and the re-
sulting pale yellow residue was washed with toluene und then leached
with CH,C1,. By evaporation of the solvent from the leachate, 4 white
solid of the BiHg2P(CH,);*BF, salt was obtained. The sohid was
contaminated slightly with small amounts of decomposition products.
which were produced during the isclation process. The reaction with
CtCH),*PF, (1:1 molar ratio, 0.46 mmol of cach reactanid proceeded
simifarly. However, the formation of BF, wus observed at higher tem-
peratures (about -20 °C) and was fast above 0 °C.

Reaction of B.H,-P(CH,), with Teityl Cation. A 0.59-mmal sample
of BcHg-P(CH,), and 0.64 mmol of (C,H.O),*BF, were mixed in ubout
2 ml of CHLCY, 1 a reaction tube. At -80 °C most of the trity ) salt
remained undissolved. and the solution was dark yellow  When the
miature was allowed to warm to 33 °C and agnated by <haking. the
trity! salt quickly disappeared and the solution became pale yellow and
turbid. At this point BHeP(CH), had been comverted into the
BHP(CH ) * cation. As the tube was alfowed to warm to room tem-
perature, the solution became ¢lear. To solate the BAHLPOCH 3B,
stft, this solstion was treated 1 the same manper as the BH2POCH
cation salution. (See abose ) During this nolation process, noneser,
small portiun of the salt decompesed. thus. the product was contaninated
It was noted that as the salt was freed from tripheny Iimethane, s solu-
bility an CHLCT: decreased markedly

Mixtures of B.H, and Trity! Salt. \pproumately 0 8dmmuol samples
of CLCHOCBE, were mined with B.HOmm ) 2 and 2 1 molar ratios in
2.ml portions of CHLCL. When allowed 1o warm to room tempersture,
the reaction mntures were dark brownish sellow The "B SMR ancatra
of these solutions contained only the signals of BUHL, and BE | and were
tound 1o be unchanged when exanuned 2 duss dater

Acknowledgment. W acknowledge support of this work b
the US. Army Rescirch Office through Grant DAAG 29-55-
h-0014

%) lnnl. T R I’h N l)x\\unlmn Hu ()hm\l ul Atveraiy Columbe
OH. 1971
Nameda, M Kodama, G Inorg Chem 1982, 27,1267
Shore and co-waorkers reported that the B NMR spectrum ot B H
consnsted of two doublets € 13 2 ppm Ty = 162 Hzo S20 ppin Sy,
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Earlier, we reported a series of polyboron complex cations with
the formula B,H,,;-:2P(CH;);*, where n = 3,4, and 5.""} These
cations are isostructural with their respective isoelectronic neutral
and anionic specics as illustrated in Figure I. The next higher
cation of series is B4Ho2P(CH;),*, and its corresponding iso-
electronic species are BgH,yP(CH ), and ByH,,". which are known
to have the boron cluster geometry indicated in Figure 2a.**
Abstraction of a hydride ton from B Hy-2P(CH;), and B{H,
2P(CH;), were the methods for preparing the above tetraboron
and pentaboron complex cations, and the structures of these cations
could readily be related with those of the parent bis(phosphine)
adducts.”?

The hexaboron cation would be obtainable likewise by ab-
stracting a hydride ion from B¢H,-2P(CH)),.

BﬂH,(,-zp(CH,)J + C(C6H5)3+ -
B,Hy-2P(CH,),* + HC(C,Hy),

(1) Kameda, M.. Kodama, G. J. Am. Chem. Soc. 1980, 102, 3647
(2) Kameda, M. Kodama, G. Inorg. Chem. 1988, 24,2712,
(3) Kameda, M.; Kodama, G. tnorg. Chem. 1987, 26, 201 1.
(4) Kameda, M.; Kodama, G. Inorg. Chem. 1981, 20, 1072,

(5} Remmel, R,l.lA. Johnson, H. D, [1; Jaworiwsky. I. S Shore. S. G. J
Am. Chem. Soc. 1975, 97, 5395,
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Figure 1. Structures of B,H,,;:2P(CHD,*. B,H,, +P(CH,. and
B.H, .« forn =3 4 and 5. Hydrogen atoms are not draws in for
brevity. The circled P represents P(CH,),

Figure 2. Boron cluster geometry 0 in B.H wPCCHO L and BoH |, and
1oy BH 2P(CH )

Table I NMR Data for the BHe2P(CH O Cation®
B o H

20,4, Bl Jyp = 214 226N, Hi) SR, S = 204
A3.00 g, Beed Jpp = 94, 105 ffiw 226l Sy L0
Jyy = 93 P45 HiCHn
2003.d, Bl Jay = e =Y
130 I 63 HiCH 60y,
N9, d B2y = e =9
150 24 HGG
294, HE2S

“Shifts in ppas J values in Hzo References for the shites B,
BEO(C.H.. VP %SY orthophosphoric acid: 'H. SICHCL) = 328
ppm - Keve d.doublet: . guartet. Sobents: CHLCLL for B CDWCLL
tar P oand THL Temperature 1O °C

However, the structure of the bis(phosphine) adduct is belt-shaped
as shown in Figure 2b° and is guite different from that in Figure
2u. Tt was. therefore, of interest to prepare the B,H,-2P(CH ) *
cation and to imvestigaie tts structure. The results of the study
are deseribed in this paper

Results

The bisttrimethylphosphine) adduct of B H,, reacted slowly
with the trity! cation (BF, or PF. salt) in a 1.1 molar ratio in
dichloromethane at -80 °C, and the hexaboron complex cation
B.H,2P(CH )" was formed. The BF, salt of the cation slowly
decomposed in the solution at room temperature. The PF. " salt
was less stable, and underwent a rapid decomposition at 0 °C with
convomitant formation of BF, . Furthermore, the cation thus
produced appeared to slowly undergo certain reactions with the
starting compound, producing small amounts of side products.
However, the cation could be characterized by NMR spectroscopy.,
and was found to have a structure similar to that of BiH,»P(CH,),
or BJH,, . the phosphines being attached at the apex and bridge
boron atoms. Sce part B of the Discussion.

tt) Mangion, M Hertz, R K., Denniston, M. 1.: Tong. 1. R Clavton, W,
R Shore. S G J Am Chem Soc 1976, 98449

ettt S NSNS SPT T G VNSRS RREN VT IR IS RIS,
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Discussion

A. Ease of Hydride Abstraction. The above hydride abstraction
reaction of BgH o:2P(CH,); was slow when compared with those
of BsHy2P(CH,); and ByHg2P(CHj;);, which were instantaneous
at -80 °C.>* The increased acidity. or the diminished hydridic
character of borane hydrogens, of the larger borane fragment’
is thought 10 be responsible for the slower reaction rate. A similar
reactivity variation has been observed for the scries of pentaborane
compounds BsHg. B(Hy-P(CH;); and BsHo-2P(CH )P

B. Structure of B;H,-2P(CH,),*. The !'B. 'H. and P NMR
data for the BgHg-2P(CH ) ,* cation are summarized in Table 1.
As illustrated in Figure 3, the ''B spectrum of the cation resembles
that of B¢H,P(CH,);.* the noticeable differences being that the
most shielded signa) for the cation is a B-P doublet whereas the
corresponding one for B{H o-P(CH3;); is a B-H doublet and that
each signal of the cation, with the exception of the -45.0 ppm
quartet signal (due to the bridging boron, to which the uther
P(CH;); is attached). is shifted downfield from the corresponding
signal of B{H,;:P(CH,);. The extremely large B~P coupling
constant of 212 Hz for the most shielded signal of the hexaboron
cation is comparable with the value of 220 Hz that was observed
for the apex B—P coupling constant of the square-pyramid-shaped
B.H-P(CH.),* cation.’ Compared with the chemical shift of basal
boron atoms of BsH,. the corresponding signal of this pentaboron
cation is shifted downfield also. Thus, replacement of H by
P(CH,); at the apex position of BgH,-P(CH ), results in the
structure of B Hy2P(CH,):*. which is consistent with the ''B
NMR data observed for the hexaboron cation. The assignments
for the 'H resonance signals listed in Table [ were straightforward
with the use of single-frequency decoupling techniques on the B
spins. The signals of hydrogens on the bridge boron atom couid
not be located. Probably, the signal 1s overlapped with the closels
spaced. intense two signals of methyl hydrogens.

C. Structure Transformation. The isoclectronic isostructurisd
feature that was observed for the tri-, tetra- and pentaboran
trios’>* has now been extended to the trio of arachno hexaboron
species, BoH-2P(CH )" B.H -P(CH ). and B.HL . Additien
of a Lewis base, P(CH 3}, 10 BH («PCCH ) results in 2 hypho
class hexaborane compound, B.H o 2P{ICH ),* Through this
process the structure changes from the basul-bridged squure
pyramid to the belt-shaped arrangement of six boron atoms
Conversely, removal of a Lewis base, H | from B ,H. - 2P(CH i
reverts the structure to the basal-bridged square pyramid ot ar-
achro-BsH-2P(CH )" This transformation scheme s illustrated
in Scheme [ At present, nothing definitive can be stated about
the mechanism of transformation. the B-P bonds, decause o
their considerable strength, would remain undissociated throughout
the process of the transformation. Providing that this assumption
is correct, the observed final structure may be attained through
certain framework isomerizations such as that involving the di-
amond-square—diamond (dsd)* rearrangements.

Two different boron framework structures urc known to be
assumed by arachno hexaborane compounds. One is the basal-
bridged square pyramid, which is deaft with in this study. The
other is Lhe beli-shaped structure of BiH ..° which is similar (o
that of BoH,o:2P(CH3) . As the “skeletal electron counting”
formalism dictates,'® both of these structures can be derned from
the cight-vertex deltahedron (bisdisphenoid) by removing two
vertices."'  An apparent difference between the two sets of the

(7) Parry. RO W Edwards. b ) 7 4m Chemr Soc. 1989, 87 1354

(%) Lipscomb . W, N. Science (Washington, D.C ) 1966, ! 53, 173

(9) Gaines, D.; Schaelfer, R fnorg. Chem. 1964, 3 43%  leach § B,
Onak, T Spielman, ) Rictz, R R.; Schaeffer, R . Sneddon. 1 G
Inorg. Chem. 1970, 9. 2170

(10y Wade, K. Adv. Inorg. Chem Radiochen 1976151 Willams R
Ihid 1976, 18, 67 Rudolph. R W 4c0 Chem Red 1976, 9, 446
Rudoiph, R. W Thampson, D. A Jnerg Chens 1974, 7352779
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Figure 3. Structure and ''B NMR spectra {96.2 MHz) of B,Hg2P-
(CH )" Spectra (32.1 MHz) of B.H,-P(CH;); are shown in the box
for comparison: top. normal spectrum; bottom, proton spin decoupled
spectrum.

arachno compounds is in the number of ligands that are associated
with six-boron clusters—11 versus 12. Obviously, however, further
studies need to be pursued to elucidate the factors that determines
the structure of an arachno hexaborane compound.

Experimental Section
General consideration and nrocedures for the experiments were the
same as those described in the previous reports.”' The NMR data were

(111 Examples of the vertex removal to achieve structures a and b are il-

lustrated below. Removal of vertices S and then 7 (indicated as *-5.77)

(A1 (A7) (B)

results in structure A, which does not have the C, svmmetry as itis The
resulting framework (A) needs 1o shghtly adjust itself to achieve the
structure shown in Figure 2a Route * 5.27 leads to structure A’ which
is of C symmetry. Choice of the two routes is arbitrary. In the B,H,.
1on. the bridging BH, group is bonded to the two basal boron atoms via
a B-B bond and a B-H-B bond." In this sensc, structure A" may be
appropriate for the anion. Whereas, in BHy-2P(CH),* and B.H,.
P(CH ). the two basal boron atoms are bonded by a bridging BH .-
P(CH . group via a closed BBB three-center bond  Structure A.
therefore, may fit better t the description of these two species

Nates

Scheme |

| ‘,D/CHa'a
~\ /B\ /\
B————B———B8—
7 | S——— |
PwCHJvJ
Jr3(CH3)3/ -H
NN, NN,

S (S48
VRN VANV
N N

P CHy oy PiCH, 4

obtained on a Varian XL-300 NMR spectrometer. Samples of B,-
H,- 2P(CH ). which had been obtained as the byvproduct of B.H,
2PICH ), (or CHLBH 3 2P(CH ;),) preparation by the reaction of B(H,
vor CHLBoHy) with excess PACH.),./* were washed with diethyl ether to
remove remaining B;H 2P(CH )y (or CHLB,H - 2P(CH;);) and then
extracted with dichloromethane. The B.H ;- 2P(CH ), sample thus ab-
tained was a free-flowing crystalline solid. and its *'B NMR spectrum
indicated that the sample was essentially pure, traces of impuritics being
B-H2P(CH,); and umidentified boron compounds. The hyvdride ab-
straction reactions were run tn 10 mm o.d. Pyrex tubes und were mon-
iored with use of the NMR instrument

Reaction of B.H ;-:2P(CH,), with Trityl Salts. A 0.43-mmol sample
of BoH o ZPECH, ), was mixed with 0.37 mmol of C(C H.)*PF, in 13
ml. of dichloromethune at - 80 °C. The intense dark vellow color of the
solution was seen to slowly tade. When B,H -2P(CH ), was treated
similarly with C(C,H<"BF, ina 1:2, 1:1, or 21 molar ratio. the same
slow change occurred also. To ensure the completion of reaction. these
solutions were either kept at -80 °C for a period of over 30 b or briefly
warmed 1o 0 °C. (The system containing the PF, 10n slowly produced
BF, 1on when warmed to - 43 °C.) The 2:1 reacuion mixture gave the
final solution containing the original ByH ;-2P(CH;); and the B.H,-2P-
(CH )" cation in an approximatehy 131 molar ratio.

Acknowledgment. This work was supported by the U.S. Army
Research Office through Grant DAAG29-85-K-0034. The NMR
instrument was acquired by the university with use of instru-
mentation funds provided by the National Science Foundation
and the Department of Defense. We gratefully acknowledge these
RECNCTOUS SUPPOTLS.

Registry No. B.H,:2P(CH-).. $7034-29-4: C(C, H,*BF, . 34i-02-6:

CCHOSPE L 437-17-20 BAH -2PWCH ) BF, . 110795783 B H.-
2PICH )L PE L 110795.79-4

(12 ) Kameda, M. Kodama. G. Inorg. Chem. 1980, 16 228K (b)) The
reaction of - CH B H with PICHY) ., Kameda, M| Driscall, 1 A
Kodama. G, unpublished resubts.

P WY NN SO OP Y | S W SN P RpEr oy g DU S S e SRR



. v*- P
; hd h TR ——y Y ~—

Reprint #7
Auached Document
Final Repon
DAAG29-85-K-0034

CHEMISTRY OF LOWER BORANES INVOLVING TRIMETHYLPHOSPHINE

Goji Kodama

Department of Chemistry, University of Utah
Salt Lake City, UT 84112




Reprint #7
Attached Docume
Final Report
DAAG29-85-K-003.

CONTENTS
1. Introduction. . . . . . ¢ v v v i it e e e e e e e e e e e e e 4
2. Reactions of Some Boranes with Excess Trimethylphosphine. . . . . 5
2.1 Pentaborane(ll). . . . . & & ¢ 4 i v e e e e e e e e e .. 5
2.2 Pentaborane(9) . . . . . i L i e e e e e e e e e e e e R |
2.3 Hexaborane(lO) . . . v ¢ ¢ i v vt e e e e e e e e e e .o 7
3. The Hypho Class Adducts of Tetraborare(8) . . . . . . . . . . .. 9
3.1 Formation of BAHB'L'L' ................... 9
3.2 Site Preference of the Two Different Bases . . . . . . . . .10
3.3 Another Form of the Diammoniate of Tetraborane(10) . . . . . 11
4. Reaction Chemistry of 82H4-2P(CH3)3 ...... . e e e e e e 13
4.1 Formation of the 83H6'2P(CH3)3 e e e e e e e e e e e e 14
4.2 Formation of Metal Complexes of BZH4-2P(CH3)3 ...... . . 16
4.3 Borane Expansion Reaction. . . . . . . . . . . . . v v v .. 19
5. Polyboron Complex Cations . . . . . v v ¢ ¢ ¢ o v ¢ v s o o o o & 20
6. Summary and Perspectives. . .« . v vttt 4 e e e e e e e e . . 23
Acknowledgment. . . . « & & & . v i L e e e e e e e e e e e e e 25

REferenCeS. & &« v v v v et e e e e e e e e e e e e e e e e e e e 26




ol

Reprint #7
Attached Docume
Final Report
DAAG29-85-K-003.
CHEMISTRY OF LOWER BORANES INVOLVING TRIMETHYLPHOSPHINE

1. INTRODUCTION

In 1975, A.R.Dodds clarified the reaction of pentaborane(11) with

trimethylamine in this 1aboratory,1
BSH11 + 2 N(CH3)3 (used in excess) —> BAHS-N(CH:’)3 + BH3-N(CH3)3 (1)

and isolated the trimethylamine adduct of tetraborane(8) as a sublimable
solid at room temperature. This finding had a strong impact and a
significant influence on the subsequent development of the reaction chemistry
of smaller boranes that involved strong Lewis bases.

Trimethylamine was known to cleave diborane(s)z and tetraborane(lO)3
to give the trimethylamine adducts of boranes:

+ 2 N(CH ———> 2 BHy*N(CH,), (2)

B,Hg 3)3

BaH10 + 2 N(CH3)3 3)3

It therefore was referred to as one of the typical Lewis bases that effected

_—> B3H7°N(CH + 8H3-N(CH3)3 (3)
"symmetrical cleavage" of boranes. [The term “symmetrical cleavage" is used
for a type of borane cleavage reactions that produces a BH3 fragment,
e.g.,equations 1, 2, and 3. For another type of borane cleavage that
produces a BH2+ unit, the term "unsymmetrical cleavage”" is used.a’5 Typical
examples of the unsymmetrical cleavage are seen in the reactions of BZHB’
B4H10, and 85H11 with ammonia, which give the BH, » B3H8 , and 84Hg salts of

4,6,7].

the HZB(NH3)2+ cation, respectively However, the reaction of this

base with pentaborane(1ll) did not appear to give the expected symmetrical
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cleavage products of pentaborane(ll), BjHg*N(CHy); and BH3*N(CH5) 5. It was

reported8 that the reaction gave a complex mixture of boron hydride
compounds. This observation was reproducible also in this laboratory in
earlier days. On the other hand, the symmetrical cleavage of pentaborane(11l)

10 10 10 . 10 H 11 11,12

€1,”" Br, " I, ,  and N(CH3)2 ] had been

with CO° and PF,X [X = F,
established, and the 84H8 adducts of these Lewis bases had been isolated and

characterized. It was generally assumed, on the basis of these observations,

that "B4H8-N(CH3)3" was unstable due to the strong basicity of

trimethy]amine.s'8b

Dodds initially prepared BaHeoN(CH3)3 by adding trimethylamine to a
, mixture of BH,*S(CH,), and 84H8~S(CH3)2.13 which was obtained from the
reaction of pentaborane(ll) with dimethylsulfide. Once isolated,
B4H8'N(CH3)3 was found to be stable toward Lewis bases. In the presence of
excess trimethylamine, the integrity of the B4H8 unit was maintained and the
bis(trimethylamine) adduct of 84H8 was formed. The bis(amine) adduct could

be isolated below -40°C.

-~ aljprhyiny

. — .
ByHg'N(CH3); + N(CH3)y == B,Hg*2N(CH;), (4)

3)3
! These trimethylamine adducts of B4H8’ however, were very reactive to acids

including pentaborane(11l). It was this property of the adducts that caused

the difficulty in isolating B4H8-N(CH3)3 in earlier days. When
pentaborane(ll) and trimethylamine were mixed in a 1:2 molar ratio and the
reaction was allowed to proceed slowly at low temperatures, a portion of the
initially formed B4H8-N(CH3)3 reacted with pentaborane(1ll) which was still
present, and thus the reaction mixture was contaminated with unstable side

products. Isolation of the B4H8 adduct from such a mixture became extremely
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difficult if not impossible. The unfavorable secondary reactions were
suppressed and the symmetrical cleavage reaction of the borane was effected
cleanly by using an excess of trimethylamine in the cleavage reaction of
BSHll (equation 1).

H.Kondo in this laboratory prepared the hexamethylenetetramine adduct

of B4H8 by the following reaction in ch]oroform.14

4 BgHp + 5 Ng(CH,)g

The observed thermal stability of these amine adducts of B4H8 was, contrary

——> 4 ByHg N, (CH ) + N,(CH,) o+ 4BH (5)

to the earlier speculation, not lower than that of the other previously
reported adducts of BAHS' and was certainly higher than that of the weakly
basic CO or PF3 adduct. The above observations taken together prompted the
jnvestigation of related borane chemistry in which strong bases were
involved. Trimethylphosphine was chosen as the base to be tested for the
investigation because of its established strong base character toward
boranes,15 the absence of detrimental functional groups attached to it, and

the ease of its handling in conventional vacuum lines.

2. REACTIONS OF SOME BORANES WITH EXCESS TRIMETHYLPHOSPHINE
2.1. Pentaborare(1l)

When treated with excess trimethylphosphine, pentaborane(ll) was

cleaved cleanly into the BAHB and BH3 fragments.16

+ 3 P(CH Eam— BAH *2P(CH + BH3'P(CH3)3 (6)

Bty 33 8 33
Unlike the bis(amine) adduct, the bis(phosphine) adduct would not dissociate

at room temperature. Because of the stability of this adduct, preparation of
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the mono-adduct 84H8-P(CH3)3 was better accomplished by treating the
bis(adduct) with diborane17:

B4H8~2P(CH3)3 + 172 BZHB —— B4H8-P(CH3)3 + BH3'P(CH3)3 (7)
Several other indirect methods were developed for the preparation of

+P(CH and were summarized in a separate paper.17 The reaction of

ByHgP(CH3)3
pentaborane(11) with trimethylphosphine in a 1:2 molar ratio gave an
unfavorable result similar to what was observed in the reaction with
trimethylamine. The mono(trimethylphosphine) adduct of B4H8 was a
sublimable solid and was more stable than the corresponding trimethylamine
adduct. Apparently, the strong basicity of trimethylphosphine provided a
strong bond between the borane fragment and the base, and thus increased the
stability of the adduct.

When B4H8-2P(CH3)3 was treated with excess trimethylphosphine, two
different modes of cleavage reaction slowly occurred according to the
following equations.18
—> 2 82H4'2P(CH3)3 (8)

Byg 2P(CH3) 5 + 2 P(CH), ——

— BH3°P(CH + B.H '3P(CH3)

33 * B3fs 3 O
The distribution of the two cleavage modes appeared to depend upon the
reaction conditions. The cleavage products were stable at room temperature
in the presence of excess P(CH3)3 and did not undergo further changes.
Although BH3°P(CH3)3 and BZHA'ZP(CH3)3 are sublimable solids at room
temperature, the triborane adduct is unstable. It released two of its three

phosphines when subjected to pumping above 0°C, and changed into the

bis(trimethylphosphine) adduct of hexaborane(lO)lgz
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2B H5'3P(CH —_— 86H10°2P(CH3)3 + 4 P(CH3)3 (10)

3 3)3

2.2. Pentaborane(9)

When pentaborane(9) was treated with a large excess of
trimethylphosphine in acetonitrile or dichloromethane, or when it was
dissolved in trimethylphosphine, BSHQ'ZP(CH3)3 which formed initia11y,17
reacted slowly with the phosphine at room temperature and a colorless, clear
solution resulted. One of the products was 82H4-2P(CH3)3 and, contrary to
the general expectation at that time, no BH3-P(CH3)3 was formed. On the
basis of the observed reaction stoichiometry, the yield of BZHA-ZP(CH3)3 and
the result of the vapor pressure depression measurements of
trimethylphosphine solutions of the products, the reaction was represented by
the following equationlgz

Bng'ZP(CH3)3 + 3 P(CH3)3 — 82H4'2P(CH3)3 + 83H5'3P(CH3)3 (11)

This reaction represented a new type of borane cleavage, a cleavage that did
not produce a BH3 adduct.
2.3. Hexaborane(10)

, Hexaborane(10) also underwent cleavage reactions when treated with a

. large excess of trimethylphosphine. This reaction was preceded by the

, . . 21 22
i stepwise formation of BGHIO'p(CH3)3 and BGHIO'ZP(CH3)3' The cleavage
y appeared to occur in two different modes as indicated below.z3

7
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s By 2P(CH,) + B He 4P(CHS) 5 (ca 60%) (12)
BgH1g 2P (CH3) 3 + 4 P(CHy) 53 —
o 2 B 3P(CHy) (ca.40%) (13)

The results were similar to those observed for 85H9: Formation of

BH3-P(CH did not occur, the resulting solution in liquid

33
trimethylphosphine remained coloriess and clear for days at room temperature,
and the final products were all "electron sufficient" (or electron precise).
The above described reactions of boranes with excess
trimethylphosphine demonstrated that treatment of boranes with a strong base
does not necessarily result in the formation of an intractable mixture of
borane compounds. Generally, the resulting borane adducts are reactive
towards acids, but are inert to bases. The ultimate "inertness" of the
borane adducts toward bases is reached when electron sufficiency is attained.
This is achieved by removal of electron deficiency by successive base
additions. Strong bases are more capabie than weaker bases of removing the
"electron deficiency" from borane compounds. Cleavage of the borane
framework occurs during this process of base addition. (Nido boranes (e.g.
85H9 and BGHIO) are cleaved into two fragments, and arachno boranes (e.qg.
54”10 and BSHII) are cleaved into three fragments.] Ultimately, each mole of
pentaborane(9) and pentaborane(ll) reacted with five moles of P(CH3)3 and

each mole of hexaborane(10) reacted with six moles of P(CH3)3, to produce the

electron sufficient adducts of borane fragments.
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3. THE HYPHO CLASS ADDUCTS OF TETRABORANE(8)
3.1, Formation of 84H8°L-L‘

The bis(trimethylamine) and ois(trimethylphosphine) adducts of
tetraborane(8) both belang to the hypho class of boron hydride compounds. At
the time these two compounds were isolated only a few hypho class tetraborane
adducts were known, Muetterties?4 obtained BAHB-TMED (TMED =
tetramethylethylenediamine) by the alcoholiysis of 85H9-TMED which he obtained
by the direct reaction of 85H9 with the diamine. The two unstable adducts of

carbon monoxide-tetraborane(8), 84H8'C0-(CH3)20 ard B4H8-C0-CH3CN, which were

25

reported by Burg,”” may also be classified as hypho adducts of 84“8‘

Formation of the N(CH3)3 and P(CH3)3 adducts of 84H8-C0 was observed as

unstable intermediates in the carbon monoxide displacement reactions of

26

BdHB-CO with these bases.

Iln general, both BdHB-N(CH3)3 and 84H8-P(CH3)3 reacted with various

Lewis bases (L) of adequate strength to form hypho class adducts with the

17

1
formulas B4H8 N(CH L" and 84H8 P(CH3)3 L. Furthermore, even the

33"
nonahydrotetraborate(l-) anion (BaHg’), which may formally be considered to

be the H adduct of B4Hg» combined with some Lewis bases to give anionic

adducts (BAHQ-L-).27 These bis(base) adducts prepared in this laboratory are

lc

1c lc
BQHB-ZN(CH3)3, BdHa-N(CH3)3°N(CH3)2H, B4H8-N(CH3)3-N(CH3)H2.

lc . 16 . . 17
ByHg 2P(CH3) 5,77 B HgeP(CH3) 3+ PIN(CHS) 515,
17

- 27 -7
33 N(CH3) 3t B HOP(CH ) 37,2 B Ho-PIN(CH ) 157, ! and
B, HoNH, . 27223

gHg*NH; . The stability of each of the adducts Jisted is dependent

upon the nature of the ligand bases involved. The bis(trimethylphosphine)

BgHg"N(CH;) 3*NH 5,

BHg*P (CH
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adduct is stable enough to be sublimed at room temperature, but the other
adducts can be jsolated or identified only at low temperatures. At higher
temperatures, these unstable adducts either lose the weaker of the two bases,

or undergo complex decompositions.

3.2. Site Preference of the Two Different Bases

One of the characteristic properties common to the bis(base) adducts

of B.H. is the fluxional behavior of the molecules. The !B NMR spectra of

48
B4H8~2P(CH3)3 jndicated that the molecules were undergoing rapid
intramolecular conversions at room temperature.16 -
H Phey
H n—\a/

\B/

Phiey
A\ M,
/ Prey
H ’_< BB\\H H a/
‘ ot | el
H—38 H -~ 8 H
\H_,B\—H Y ~H

H

1

The "H NMR spectra showed that this conversion was accompanied by rapid

migration of all eight hydrogen atoms in the 84H8 moiety. In a low
temperature 11B spectrum, the signal of the phosphine-attached boron atoms is
split (see Figure 1), indicating slowing of the motion at that temperature.
By comparing the two shift values of the phosphine-attached boron atoms with
those of B3H7'P(CH3)3 3)3.
were assigned to the apical and basal boron atoms, respectively. Presumably,

and BH3-P(CH the high-field and low-field signals

a similar conversion occurs in 84H8-2N(CH3)3 molecules.

10
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In the hetero-bis(base) adducts, this type of rapid conversion brings

about an equilibrium of two isomers. The site preference of the two

different bases determines the relative stabilities of the two isomers. An

example is seen in BAHB-P(CH3)3-N(CH3)3.17 At -30°C, this adduct undergoes a

rapid conversion relative to the NMR time scale:

/i5 \ /N

\
L =

\ \——

In the 118 NMR spectrum of the compound at -30°C, only three signals appear.

See Figure 2b. These are assigned to the amine-attached boron atom, the two
non-1igated boron atoms and the phosphine-attached boron atom going up-field.
At -80°C the phosphine-attached boron signals are split into two. See Figure
2a. The amine-attached boron signal also should be split although this is
not apparent in the figure due to the broadness and the overlap of the
signals. As in the case of B4H8 ZP(CH3)3, the more intense, high-field
signal of the two phosphine-attached boron signals is assigned to the apex

boron atom. Thus, trimethylphosphine prefers the apical position to the

basal position in the structure when competing with trimethylamire.

3.3. Another Form of the Diammoniate of Tetraborane(10)

Tetraborane(10) forms an ammoniate with the formula

HZB(NH3)2 3 g * -6 The original preparation of this diammoniate of

11
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tetraborane(10) was performed under a specific set of reaction conditions.
Tetraborane(10) and ammonia were mixed in a 1:2 molar ratio in diethy] ether
at -78 °C and the mixture was aged for a week at that temperature. Removal
of the solvent from the resulting solution gave a crystalline solid of the
diammoniate. The formation of the diammoniate of tetraborane(10) was
compared with the formation of the diammoniate of diborane(6)
HZB(NH3)2+BH4'.4 and was taken as a typical case of the "unsymmetrical®
cleavage of tetraborane(10). However, the reason for these particular
reaction conditions for the diammoniate formation was not completely
understood. I[f ammonia was added in excess, or if the temperature was raised
rapidly above -40 °C, complex reactions occurred, unstable products formed,
and the diammoniate could not be obtained.

The adduct formation of the Ba”g- anion mentioned earlier in this
section offers an explanation for the restricted conditions, when combined
with the following observation made by Shore and coworker. They showed28
that tetraborane(10) undergoes a rapid, reversible deprotonation reaction
with ammonia (B,H ) + NHy —= NH4+84H9°), and that the irreversible
cleavage reaction proceeds slowly to give HZB(NH3)2+B3H8'. [f ammonia is
present in excess and in high concentration, it will react with the initially
produced B4H9_ to give the B4H9-NH3- anion. The adduct anion is stable only
below -40 °C and, unlike the B4H9~ anion, it will not revert to B H,,. Thus,
the presence of the adduct anion renders the entire product of the reaction
unstable and intractable. The formation of this anion could be minimized by
using solvent, by keeping the temperature Tow and by limiting the amount of

ammonia in the reaction mixture.

12
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The 118 NMR spectrum of a liquid ammonia solution of tetraborane(10)

(below -45°C) was identical with that of an ammonia solution of KB,H,,

indicating the exclusive formation of NH4+B4H9~NH3°.29 This ammonium salt

has the composition "B4H10-2NH3", and thus represents another form of the
diammoniate of tetraborare(l0). Furthermore, the formation of such an adduct
anion may help to explain, at least in part, the even more stringent reaction

conditions that were required for the preparation of the diammoniate of

pentaborane(11), HZB(NH3)2+BAH9'.7

4. REACTION CHEMISTRY OF B H4'2P(CH3)3

2

In an earlier section, the formation of "electron sufficient" borane

adducts was described. A boron hydride compound with the formula BnH2n+2n

is electron sufficient (or electron precise), and the molecule is of chain
structure. The number of skeletal e1ectrons30 for such a molecule is 4n + 2,
or 2n+(2n+2). Replacement of n number of H in such a moiecule by the same
number of trimethylphosphine gives a neutral trimethylphosphine adduct which
is electron sufficient. These molecular adducts are represented by the

following series of adducts: BH3~P(CH3)3, 82H4'2P(CH B3H5-3P(CH

3)3’ 3)3’

B,H.<4P(CH and so forth.

Mg 3)3

Each member of the above series, because of its electron sufficiency
and because of the strong donor property of the trimethylphosphine in it, was
expected to be more susceptible to electrophilic reagents and to have its

borane hydrogen atoms more hydridic in character, than other neutral boranes

13
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and borane adducts which contain the same number of boron atoms but fewer
skeletal electrons. Thus, these adducts were expected to show certain
behaviors characteristic of bases. It was of interest to investigate the
reaction chemistry of 82H4-2P(CH3)3 to reveal the properties of the adduct
that stem from its electron sufficiency.

4,1. Fformation of the B H_ +*2P(CH * cation

3's 33

Bis(trimethylphosphine)diborane(4), BZH4'2P(CH3)3, reacted with

diborane(6) and with tetraborane(10) according to the following equatx‘ons.31
-30°C + -

BHa 2P(CH3) 5 + 3/2 B M, -————:—» BHg* 2P(CH3) 5 BoH, (14)
above 0°C + -

BZH4-2P(CH3)3 + B4H10 —_— B3H6-ZP(CH3)3 B3H8 (15)

Although the 82H7f salt of bis(trimethylphosphine)hexahydrotriboron(l+)
cation was stable only below -30°C, the B3H8- salt was stable at room
temperature. The structure of B3H6-2P(CH3)3+B3H8' 32 {5 shown in Figure 3.
The cation is isoelectronic and isostructural with B3H7-P(CH3)3 and B3H8_.
Successive replacement of trimethylphosphine in the cation by H yields the
structures of the neutral and anionic compounds.

The triboron complex cation is stable toward acids but reactive toward
bases. Thus, the reaction of the B,H,  salt with anhydrous HC1 gives the

27
HCY,” salt,3! and with HC1 in the presence of BC14 gives the 8C1,” salt of
the cation.33 With trimethylamine or trimethylphosphine, however, the cation
undergoes reactions, which apparently are dependent upon the nature of the

counter anions. For examp]e,34

14
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B3H6'2P(CH3)3 BZH7 +3L —
82H4-2P(CH3)3 +3 BH3L (16)
+ -
B3H6'2P(CH3)3 B3H8 +2L —

ByHg P(CH3) 5*L + BHytP(CH3) 5 + BH4eL (17)
where L = N(CH3)3 or P(CH3)3.

Earlier, Parry and Edward35 extended their coordination chemistry view
of boron hydride compounds such as HZB(NH3)2+ and H3B-NH3, to the formation

of B-H-B bridge bonds, and considered the bridge bond formation as a result

of the coordination of the B-H hydrogen to the other boron atom. The scheme

may be represented as B-y—B. A number of boron hydride compounds can be

regarded, by this formalism, as coordination compounds containing the 8-{d—8

coordinate bonds. For example, tetraborane(l0) can be regarded as a

coordination compound resulting from the combination of BH3 and B3H7 groups,
each of the two groups serving as both an acid and a base, or can be regarded
+

as the result of chelate coordination of B3H8— to BH2 In this Parry-

Edward's view, the above described triboron cation may be looked upon as a
compiex of BH2+ with a bidentate ligand BZH4°2P(CH3)3 coordinating through

two B-H-B bridge bonds. Thus, the formation of the triboron cation from

diborane(6) and tetraborane(10) compares with the reactions of these boranes

with diamines, in which chelate complex cations are formed.35’36
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In terms of the borane cleavage classification, the above formation of
the triboron cation is the unsymmetrical cleavage of diborane(6) and
tetraborane(10) by a base, 82H4-2P(CH3)3. Certain bases bring about the
unsymmetrical cleavage of both diborane(6) and tetraborane(l0). Some of
these bases, such as ammonia, also cause unsymmetrical cleavabe of

4,6,7

pentaborane(11). The reaction of BZH4'2P(CH3)3 with pentaborane(ll),

however, did not give the unsymmetrical cleavage products of the borane.

+ -
BSH11 + 2NH3 ) HZB(NH3)2 B4H9 (18)

+ -
35H11 + BZH4~2P(CH3)3 —_X— B3H6-2P(CH3)3 84H9 (19)
Instead, BSHQ-P(CH3)3 was produced in this reaction which will be described

in Section 4.3.

It is noted that bis(trimethylphosphine)-methyldiborane(4)

CH BZH ~2P(CH3)3 gave methyl derivatives of the triboron cation

3723

+
CH3B3H5'2P(CH3)3

isomers of the cation were identified),

when treated with diborane(6) or tetraborane(1Q) (two
31,37 and that the reaction of
82H4-2P(CH3)3 with boron trifluoride gave a difluoro derivative of the

. . . + - 31,37
triboron cation B3H4F2 2P(CH3)3 as the BZF7 salt. Thus, the
formation of the triboron cation, or the chelation of diborane(4) moieties

through two vicinal hydrogen atoms, appears to be a general type of reaction.

4.2. Formation of Metal Complexes of 82H4'2P(CH3)3

By extending the coordination chemistry formalism of the triboron

cation to systems which contain metals as the coordination center,

16
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3

38

8 . 39
BZH4-2P(CH3)3 complexes of ZnClZ, CuC1(PPh3), and N1(CO)2 were prepared

by the following reactions and were isolated at room temperature as solids.

B My 2P(CH3) 5 + ZnCl, — InC1,*BH,*2P(CH,) (20)
B,Hg'2P(CHy) 3 + CUCT(PPhy) 5 —> CuCl(PPh,)+BH, 2P(CH,) 5 + 2PPhy (21)
B,H,"2P(CHy) 5 + Ni(CO), — Ni(CO) ,*B,H,*2P(CH3) 3 + 2C0 (22)

The structure of the zinc compliex was confirmed by x-ray method to be similar
to that of the triboron complex cation.38 See Figure 4. The infrared and
NMR data of these complexes suggested that the structures of the other two
metal complexes were similar to that of the zinc compound. These complexes
liberated 82H4-2P(CH3)3 readily when treated with trimethylphosphine. In the

case of the nickel complex, even a weakly basic ligand such as CO, PF3, or

PH3 displaced the borane-adduct 1igand.39

Anhydrous hydrogen chloride
reacted with these complexes and produced the trimethylphosphine adducts of
BH3 and BHZCI, which are known to be the cleavage products of 82H4~2P(CH3)3
by HC1.19 The labile nature of the zinc complex was shown in the 118 NMR
spectra of a dichloromethane solution containing the complex and excess
82H4-2P(CH3)3: The signals of the two compounds coalesced at room
temperature.40
Examples of the coordination of boron hydride compounds through B-H-M

three center bDC..ds care aburdant in the 11’teratures.41

The following are a
few of the representative cases: M(BHd)n (M = variety of metals, BHA' as
bidentate or tridentate ligand); Mn3(C0)10H82H6 (82H62' as bidentate ligand);
Cr(C0)4B3H8_ and Mn(C0),B3Hg (B3H8_ as bidentate ligand); Mn(CO);BHg (B3H8_
as tridentate ligand). However, in these compounds the borane ligands are

anionic species. Thus, the above described BZH4~2P(CH3)3 complexes$
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demonstrate the ability of a neutral borane adduct to coordinate to metal

centers.
In contrast to the ready complex formation of BZH4~2P(CH3)3 with

metals, both BH3~P(CH and B3H7-P(CH failed to react with zinc chloride

303 33
under conditions comparable to those employed for the formation of

InC1,B,H,+2P(CH3) 3.0 It appears that the observed stability of

+2P(CH complexes is due both to the favorable chelate "bite" distance

BoHa 3)3
between the two vicinal hydrogen atoms and to the enhanced hydridic character

of the hydrogen atoms in the electron sufficient adduct. In BH3-P(CH the

33
geminal He++*H distance is probably unfavorable for chelation to the metal.

* In B3H7-P(CH3)3 the vicinal He++H distance would be comparable to that in

82H4'2P(CH3)3. However, because of the lack of electron density, the

hydrogen atoms would not be sufficiently hydridic for the complex to form.

The behaviors of the BH3 and B3H7 phosphine adducts aiso contrast with the

known abilities of the BH4_ and B3H8- anions to form bidentate chelate

sty

complexes., The anionicAcharge is thought to facilitate the coordination to

metals.

D _aghm o

) Similar ligand behavior is expected of the other electron sufficient

borane adducts. At this time, characterization of the complexes of this

category is not complete. However, an aspect of this coordination chemistry
was demonstrated in the following observation. When zinc chloride was added
to a 1:1 molar mixture of 82H4'2P(CH3)3 and B3H5-3P(CH3)3 in cold
dichloromethane, zinc chloride combined preferentially with the triborane
adduct. The zinc-triborane complex was insoluble in diethyl ether, and

therefore could be separated at low temperatures from the unchanged

18
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BZH4°2P(CH3)3 as a solid which was unstable at room temperature. The
flexible "bite" distance and the enhanced hydridic character of hydrogen
atoms in B3H5~3P(CH3)3 are thought to contribute to the added stability of

the complex at Tow temperatures.

4.3. Borane Expansion Reaction

The BZH7' salt of the triboron complex cation decomposes at room

temperature according to the following equation31:
+ -

B3H6°2P(CH3)3 82H7 — B3H7-P(CH3)3 + BH3 P(CH3)3 +1/2 BZHS (23)
Therefore, the equation for the overall reaction of 82H4-2P(CH3)3 with
diborane(6) at room temperature is

BZH4-2P(CH3)3 + BZHG _ B3H7~P(CH3)3 + BH3-P(CH3)3 (24)

In this reaction, a two-boron species BZHS is converted into a three-boron
species 83H7‘P(CH3)3. The borane framework is expanded by one boron atom.

The generality of this borane expansion is demonstrated by the following

reactions:

B,y 2P(CHy) 3 + ByH *THE ——> B HoP(CH;) 5 + THF + BH,<P(CH,) 334 (25)
B Ha2P(CHy) 3 + BgHg*PHy ——>  BeHgeP(CHg) 5 + PHy + BH3°P(CH3)342 (26)
ByHy 2P(CH3) 3 + BEHo-P(CH3) 3 ——> B o2P(CHy) 5 + BHP(CH) ™ (27)
BZH4-2P(CH3)3 + BSHll —_—> Bsle-P(CH3)3 + BH3~P(CH3)344 (28)
In effect, BZHA'ZP(CH3)3 breaks up into BH°P(CH3)3 and BH3-P(CH3)3, and the

BH-P(CH3)3 portion adds to the borane substrate to form the
trimethylphosphine adduct of the expanded borane. Although the weak base

adducts of B3H7 or Ba”a undergo the expansion reaction as indicated above,
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trimethylamine and trimethylphosphine adducts of the same boranes do not
react with BZH4'2P(CH3)3. Presumably, the borane substrates need to have a
certain degree of acidity, or electrophilicity, in order to undergo the
reaction with BZH4-2P(CH3)3. Generally, as the size of the borane-cage
structure becomes larger, the acidity of the borane increases.5 Thus,
Bng'P(CH3)3 is acidic enough to undergo the expansion reaction with
BZH4-ZP(CH3)3, whereas the trimethylphosphine adducts of tri- and
tetraboranes are not acidic enough to react.

The reaction of pentaborane(11l) with BZH4'2P(CH3)3 proceeded rapidly
at -80°C to give the expanded adduct BGHIZ-P(CH3)3.44 This compound was
identified originally by J.R. Long in Shore's laboratory as the product of
trimethyliphosphine addition to 86H12.45 At higher temperatures this adduct
undergoes two simultaneous decomposition reactions.

— BSHg'P(CH3)3 +1/2 BZHG (75%) (29)

“P(CH

Bgy'P(CH3) 5

L—y 85H9 + BH3«P(CH3)3 (25%) (30)
Thus, the overall reaction of pentaborane(ll) with 82H4-2P(CH3)3 serves as an
alternative, practical method for the preparation of BSHQ-P(CH3)3. This
mono-adduct of Bng cannot be prepared by the direct reaction of

pentaborane(9) with trimethylphosphine.

5. POLYBORON COMPLEX CATIONS

Formation of the triboron complex cation B3H6°2P(CH3)3+ was described

in Section 4.1. The cation represented a member of a new generation of
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borane compounds, and the isolation and characterization of this new cation
completed the isoelectronic and isostructural trio, B3H6-2P(CH3);,
BH,*P(CH,) 5 and B3H8'. It was of interest to establish the other members of
this new family of cationic species with the general formula
Ban+3-2P(CH3)3+, and to investigate the structural correlations with the
isoelectronic species, B H  ,+P(CH;), and Ban+5_.

For the same reason discussed earlier, the hydrogen atoms in the hypho
class trimethylphosphine adducts of boranes were expected to have an enhanced
hydridic character, and therefore the facile removal of a hydrogen atom as H_
from these adducts was anticipated. Indeed, the trityl cation could

successfully be used to abstract a hydride ion from B4H8~2P(CH3)3 and

Bng-ZP(CH3)3, and thus the desired cations were obtained.ds’47
+.. - 4o -

B4H8~2P(CH3)3 + C(C6H5)3 BF, — B4H7-2P(CH3)3 BF4 + HC(C6H5)3 (31)
.. - + -

BSHg-ZP(CH3)3 + C(c6H5)3 BF, — BSHS'ZP(CH3)3 BF, + HC(C6H5)3 (32)

These reactions proceeded at -80°C in dichloromethane. The BFA_ salt of the
tetraboron complex cation 84H7-2P(CH3)3+ was a stable solid at room
temperature in the absence of air. The salt of the pentaboron complex cation
BSHB'ZP(CH3)3+, however, was stable only below -30°C and decomposed readily
at room temperature. These cations were very sensitive to mcisture and
formed the B3H6-2P(CH3)3* and 84H7°2P(CH3)3+ cations, respectively, when
exposed to a slight amount of moisture.

33 0

Hydride removal could also be effected by B3H +THF on B4H8-2P(CH

7
dichloromethane at -10°C as evidenced by the formation of

84H7-2P(CH3)3+B3H8'. However, above 20°C an exchange reaction proceeded

slowly between the cation and the am‘on.46
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+ -
ByHg"2P(CHy) g + BoH o THE —— B H,~2P(CH,) 3 BH™ + THF (33)

33

BH, 2P (CH — BHg P(CH3) 3 + BH,P(CH (34)

+
3)3 B3 33 33
The pentaborane adduct BSH9-2P(CH3)3 would not yield H to B3H7-THF in the

temperature range where the pentaboron complex cation was stable. At higher

temperatures a complex mixture of borane compounds was produced.

6 that its structure

The NMR spectra of the tetraboron cation 1'ndicate4
is of C1 symmetry, and are consistent with the structure shown in Figure 5,
which can be derived from the structures of isoelectronic sister compounds
3)3 and B4H9-. Thus, the isoelectronic and isostructural feature
for the arachno tetraboron trio is apparent. Similarly, the structure of the

84H8'P(CH

BSHS-ZP(CH3)3+ cation is of C1 symmetry, and is isostructural with

44’45, and probably with the BSHIO- anion™® also. See Figure 5.

BSHQ-P(CH
It is noted that, within each of the trios, the anion is most fluxional, and
the fluxionality decreases as the negative charge is reduced by replacing H_
with trimethylphosphine. Rapid and extensive migration of hydrogen atoms is
observed only in the B3H6-2P(CH3)3+ cation at room temperature; the
B4H7°ZP(CH3)3* and BSH8°2P(CH3)3+ cations are non-fluxional.

The reaction of BH3-P(CH3)3 with trityl tetrafluoroborate in '
dichloromethane was of interest because it gave a product which was *
tentatively assigned as the BFA— salt of BZHS-ZP(CH3)3+. The compound
decomposed above -40°C, and 8F3-P(CH3)3 and 8H3vP(CH3)3 were produced.
Although the full characterization of the cationic species is not complete
yet, the 1H NMR spectrum of freshly prepared solutions containing the product
clearly showed the presence of the bridge hydrogen atom (at -1.88 ppm) as

well as the terminal hydrogen atoms (at 3.27 ppm). In 1970, Benjamin and
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49 treated Lewis base adducts of borane(3), BH3-L, with trityl

coworkers
cation in the presence of other Lewis bases (L') to prepare monoboron complex
cations with the formula BHZ-LL’+. In our reaction, excess BH3~P(CH3)3 is
thought to be acting as the second Lewis base, the terminal hydrogen being

the base site. The terminal hydrogen coordinate to the cationic center

forming a BHB three-center bond:

+ " » +II
BH3-P(CH3)3 + C(C6H5)3 D BH2 P(CH3)3 + HC(CGHS)3 (35)
" . +u . . -H- ] +
BH2 P(CH3)3 + BH3 P(CH3)3 —_— (CH3)3P HZB H BH2 P(CH3)3 (36)
The above diboron complex cation is isoelectronic and isostructural with the

82H7' anion which has been establishedC. See Figure 5.

6. SUMMARY AND PERSPECTIVES

Contrary to the common impression of the early days, reactions of

certain boranes with excess trimethylphosphine proceeded in simple and

definable manners. By virtue of its strong donor character,
trimethylphosphine was able to completely remove the "electron deficiency"
from the boranes that were studied. The properties of some stable
trimethylphosphine adducts were exploited to establish new reactions and
compounds.

The working model used in pursuing the above study was the following:
(1) Trimethylphosphine, upon combining with borane fragments, would form B-P
bonds strong enough to prevent the dissociation of the adducts. This
dissociation often induced secondary reactions that were detrimental to the

positive identification of reactions and products. (2) In an adduct,
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trimelthylphosphine would donate sufficient electron density to the borane
moiety to enhance the hydridic character of borane hydrogen atoms and to make
the adduct susceptible to electrophilic species. The new cleavage reactions
with trimethylphosphine and the new trimethylphosphine adducts of boranes
stemmed from the first part of the model. The second part of the model led
to the coordination of a neutral borane adduct through the formation of B-H-M
bonds, the facile abstraction of H from the adducts to form the polyboron
compiaex cations, and the borane expansion reactions involving 82H4~2P(CH3)3.
Thus, the use of trimethy'phosphine was a success in unveiling several facets
of the reaction chemistry of smaller boranes.

Obviously, many details of the results need to be investigated, and
each of the newly discovered facets has to be projected further along the
line of its development to enrich that area of chemistry and to delineate the
extent of the validity of the working model. While these aspects warrant
further investigation and are being explored, studies of reactions which
involve other Lewis bases have become more interesting and promising than
they were before. Recently in this laboratory, R.E.DePoy isclated the
bis(trimethylamine) adduct of diborane(4), BZHQ-ZN(CH3)3, as a stable

51 This compound reacted with electrophilic reagents in much the same

solid.
way as 82H4-2P(CH3)3 did: It formed a complex with zinc cnloride, and
reacted with diborane(6) and tetraborane(10) to give B3H6~2N(CH3)3+BZH7- and

B3H6°2N(CH3)3+B3H8—, respectively. This cation in the B3H8_ salt, however,

reacted with strong bases differently than the B3H6-2P(CH3)3+ cation did.51
(Compare the following reactions with equation 17).
. + [ + [
B3H6 2N(CH3)3 + 2N(CH3)3 —_— BZH3 3N(CH3)3 + BH3 N(CH3)3 (37)
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+ 2P(CHy) 3 —> B H 2N(CHy) 3 P(CHy) 37 + BH4P(CH4) 5 (38)

BH.*2N(CH 3 3

36

+
33
The diboron complex cations produced in these reactions are members of yet

another new family of cations Ban+1-3L+ (L = Lewis base). These new
findings represent examples of areas of future development. The nature of
the base involved in a borane adduct subtlely influences the reactivity of
the adduct. The knowledge gained from the trimethyliphosphine systems wili
provide valuable insights into new findings, and will serJe as a useful guide
for furthering the investigations.

Finally, the work described in this chapter represents an extension of
Professor Burg's earlier studies on the reactions of boranes with Lewis
bases. Experiments carefully executed by skilled hands and precise
descriptions of the results have always been a characteristic of his work.
Because of this, his work has been a source of valuable knowledge to the
succeeding generation. Thus, we who participated in this study have
benefited greatly from his work, and are very fortunate to have had such a
dedicated person as a pioneer in this area of chemistry. [t is indeed my
pleasure to present this chapter as a token of appreciation to Professor Burg
for his accomplishments in the field of boron hydride chemistry, and I am
grateful to the members of the editorial committee of this book for giving me

this opportunity.
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Captions to the Figures

: [ - . '
Figure 1. B NMR spectra of B4H8 2P(CH3)3, 32.1 MHz.

11

no

Figure B NMR spectra of BaHB-P(CH3)3-N(CH3)3, 32.1 MHz.

The arrow indicates the presence of BH3-N(CH3)3 impurity.

. . + - .
Figure 3. Structure of B3H6 2P(CH3)3 B3H8 . Orthorhombic, A2122.
Figure 4. Molecular structure of 82H4'2P(CH3)3'ZnC12.
Figure 5. Isoelectronic and isostructural feature of arachno trios.
{
4
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POLYBORON COMPLEX CATIONS -
A RECENT DEVELOPMENT IN LOWER BORANE CHEMISTRY

Mitsuaki Kameda, Rosemarie E. DePoy
and
Goji Kodama®

Department of Chemistry, University of Utah
Sak Lake Chy, Utah 84112
USA

ABSTRACT. In the past several years, a new class of boron hydride compounds, potyboron
compiex cations, was developed ln the dopmmom of chommry at the Univorsny of Utah.
These cations include B H 2L*. 8 H B H,m L*andBH, ‘4L*. Formation,
structures and reactivities o? catnons

1. INTRODUCTION

Several years ago, we decided 10 lock into the reaction chemistry of the trimethyiphosphine adduct of
diborane(4), B,oH,2P(CHS4)5.  Unlike most borane compounds, the adduct is an electron precise
compound, and additionally, two trimethylphosphine molecules are attached to t. Because ol its lack ot
~electron deficiency” and the coordination of the strongly electron donating trimethyiphosphine figand,
the B,H, moiety was expected to show enhanced reactivities toward electrophilic reagents. The study
was rewarding in that it yielded the following three major findings: [1] A triboron complex cation, B4Hg'
2P(CH3)3*. was formed by treating the diborane(4) adduct with diborane(5) or tetraborane(w);‘) [2) metal
complexes of the diborane(4) adduct were formed by the coordination of the diborane(4) adduct to metal
centers via two B-H—M bridge bonds;2) (3] borane cluster expansion was observed when certain borane
substrates were treated with the diborane{4) adduct.?) Each of these findings was signiticant enough to
be developed into a new area of boron hydride chemistry.

The B4Hg 2P(CHy)4* cation was the first example of a polyboron complex cation. Although mono-
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boron complex (“boronium®) cations with the general formula HZB‘L-L'+ (L and L'=Lewis bases) have
been studied extensiveiy.‘) other cationic lower borane species ware virtually nonexistent. The sole
representative case was the formation of BgH, ,*, reported by Shore.5) While reaction chemistry of the
bis(trimethylphosphine)triboron(1+) cation was investigated and syntheses of other bis(trimethy!-
phosphine)polyboron(1+) cations were being explored, new diborane(4) adducts, B,H,2N(CH3), and
8,H4 N(CH3)a'P(CH3),,%) were synthesized. These adducts were found to produce two new triboron
complex cations, ByHg 2N(CH3)5* ® and BaHg N(CH4)4 P(CHa)a* 7) when treated with B,Hg of B,H, 4.
The formation of these cations which contain trimethylamine provided a valuable opportunity for
investigating the eftects of the coordinated ligand on the chemical behavior of triboron cations. In this
paper we wish 1o present an “interim” review of the development of polyboron complex cation chemistry
that followed the discovery of the ByHg2P(CH,)4" cation.

2. FORMATION OF POLYBORON COMPLEX CATIONS

2.1 Addition ot BX,* to B,H, Adducts — Formation of Triboron Complex Catlons

The reaction of BoH 4 2P(CHg)s, BoH, N(CHg)y'P(CH3)4 or BoH"2N(CH4)4 with diborane(€) or tetra-
borane(10) proceeds in the manners indicated in Equations t and 2.87) The B8,H,™ salts are unstable at
room temperature and decomposa to give the triborane(7) adducts. (See Section 4.) The ByHg™ salts are
reasonably stable at room temperature.

BaHy P(CH3)3 NCHy) + By Hyg — ByHg P(CHy)y N(CHy)™ ByHg™ )
These reactions may be regarded as an "unsymmetrical cleavage" of diborane(6) or tetraborane(10) by a

special bidentate ligand, B,H 4 2P(CH,). Indeed, the feature of chelate coordination of BoH,4 2P(CHy)5 10
the BHz*‘ unit through two B-H—B bridge bonds is seen in the structure of the cation (Figure 1). The
situation is similar to the coordination of diamines to BH2*’.8’ See Equations 3 and 4.

| |
, (CH,),P~ B~ =By
NNy, > l "o e @)
. + B
Ve ‘\/ N (CH3)3P- B— -B—H/\ 70N
| I
LY N/
NoAN LS N N\ ’ ;
B: '8 —_— s N 7
SN @[,@ ©:N/B\ LB 4)
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Likewise, BoH,- 2P(CHg)4 reacts with boron trifluoride to give an unstable tiuoro derivative of the triboron

complex cation.!:9)

BoH42P(CHy)y +2BFy — BgH,F52P(CH,)q* BF~ (5)
In this cation also, the BFZ" unit 1s thought to be coordinated by B,H, 2P(CH,) through two B-H—8
bridge bonds.

The methyl derivative of the diborane(4) adduct, CH3BoH4 2P(CHg)g, reacts with B4H, , to give the
B4Hg ™ salt ot methyl derivatives of the triboron complex cation.!'?) The 1,2-bis(trimethylphosphine)-
1-methylpentahydrotriboron(1+) catior which is formed inttially at low temperature undergoes rearrange-
ment above —40 °C to give 1,2-bis(trimethyiphosphine)-3-methylpentahydrotriboron(1+), as illustrated in
Equations 6 and 7.

\/+*
I 1 8 _ _
- Blz-—— Bl1- CH3 + BoHg{orBHig) —b / 3\ +BH4 (OfBaHB) {6)
(CH.‘QBP P(CH:.’)3 - Bz—— 8 b CHy

(G{-,)BL r'>(cr13)3

*1-methyl isomer”

+
/ 3\ +BH 4 (0rBgHg) 7

“3-methy! isomer®

2.2 Hydride Abstraction from Neutral Trimethylphosphine Adducts of Boranes
Treatments of bis(trimethylphosphine) adducts of boranes with triphenylcarbenium (trityl) tetrafluoro-

borate resuft in the formation of corresponding polyboron complex cations. The following reactions have
been established:

B4Hg 2P(CH,)y + C(CgHg)3*BF = = B,H,2P(CH,)5*BF ™ + HC(CgHg), "0 (8)
BgHg2P(CHgiy + C(CgHg)3*BF 4~ — BgHg 2P(CH,)5*BF ;™ + HC(CgHg)y ' (9
BgH10'2P(CHy)3 + C(CgHg)3 "BF 4~ — BgHg2P(CH4)3*BF .~ + HC(CgHg)q. 12 (10)
The saits of these polyboron complex cations decompose slowly at room temperature, but are stable

enough for structural characterization by NMR spectroscopy. The structures proposed for these cations
are shown in Figure 2 and will be discussed in Section 3. Likewise, the uni(trimethyiphosphine) adduct of
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pentaborane(9) reacts with trityl cation, and the corresponding cation containing one phosphine ligand is
produced (Equation 11). This reaction proceeds less readily than the reaction of BgHq2P(CH,)4

BgHg P(CHy)y + C(CgHs)3*BF .~ — BgHg'P(CH3)3*BF,~ + HC(CgHg),'" (1)
(Equation 9), reflecting the less hydridic character of the borane hydrogens in the uni(phosphine) adduct
relative 10 that of the bis(phosphine) adduct. Although the reactions of the trimethylphosphine adducts
occur considerably below 0 °C, BgHg will not react with the trityl cation even at room temperature.'!)

Trityl hexafiuorophosphate, C(CGHS)a*’PFS', also abstracts hydride ions from the phosphine adducts
of boranes which are listed above. However, the PFg™ ion reacts with these borane substrates and, in
particular, with the cationic products to produce BF5- P(CHz); and BF ;™. Therefore, the use ot C(CSH5)3*
PFg~ is not recommended for the preparation of the polyboron complex cations.1:12)

Tetrahydrofuran-triborane(7) can also abstract a hydride ion from B,Hg2P(CH,)4 to give the B,H
2P(CH3)3+ cation at -10 °C. At higher temperatures the cation is converted into B 4Hg P(CH3), by a figand

exchange reaction as shown in Equation 13.'7)

B4Hg2P(CHy)g + THF BgH, — ByH, 2P(CHy)5* + ByHg™ (12)
ByH72P(CHy)a* + BaHg™ — B4HgP(CHy)g + ByHy P(CHy), (13)
2.3 Hydride Abstractlon Followed by Secondary Reactions

Certain polyboron complex cations are formed as the result of secondary reactions that foliow after the
initial hydride removail from the neutral borane adducts. Examples are given in the following equations:

2B,H, 2P(CHg)y + C(CgHg)y* — B3H,3P(CHy)3*+ BHy P(CHg) g+ HC(CgHg)y 'Y (14)
2B Hg P(CH3)3 + C(CgHg)3* — BgHg'P(CHy)3* + BaH7'P(CHg)5 + HC(CgHg)y ') (15)
2BHyP(CHy)y  + C(CqHglgt — BoHg 2P(CHy)3* + HC(CgHs), ™ (16)

In the reaction shown in Equation 14, the diborane(4) adduct is thought to be converted into a reactive
intermediate cationic species " 82H3'2P(CH3)3+ * (Equation 17), which then undergoes a cluster expan-
sion reaction with B,H, 2P(CH,) 4 (Equation18).

B,H4 2P(CHa)y +C(CgHg)y™ — " BoHy 2P(CH,)4* * + HC(CgHs) 4 (17)
"BoH32P(CHy)3*" + BoH, 2P(CHy)5 — ByH, 3P(CH,)5* + BH, P(CH3)y (18)
Similarty, the formation of BSHB'P(CH3)3+ in Equation 15 is thought to have proceeded through the for-
mation of a reactive intermediate " B,H, P(CH,),* ~ (Equation 19).
B4Hg P(CHy)3 + C{CgHg)3* — " B4H, P(CHy)3* * + HC(CgHg) (19)
" B“I~l7'F‘(CH3)3+ “+ B4HB'P(CH3)3 - BSHB'P(CH:!)G* + BaH7-P(CH3)3 (20)
itis worth noting that, in Equation 20, B Hg P(CH,3)4 is acting as a borane cluster expansion reagent by
converting itself into BaH;'P(CH,)4 and thus providing a "BH" unit to the substrate, BsHg P(CH,)4. for
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framework expansion. This is similar to the behavior of BoH, 2P(CH,j4 which adds a "BH P(CH4) 5" unit to

borane substrates by converting itself into BH3-P(CH3)3. [See, for example, Equation 18.] This mode of

cluster expansion, which is accompanied by the elimination of a stable Lewis base adduct, deserves

further investigation, as it appears to be one of the fundamental reactions of boron hydride chemistry.
The reaction in Equation 16 is also thought to involve a reactive intermediate "BH, P(CH,)4*", and is

thus an extension of the reactions reported by Benjamin, Calvalho, Stafiej and Takacs for the preparation
of boronium cations, BH, L-L'+:'4)

BHyL + C(CgHg)3*t — BHyL™ + HC(CgHy), (1)
BHyL*" + L' - BHLL™ (22)

Thus, the overall reaction is

BHyL +L + C{CgHy)3* — BHyLL™ + HC(CgHY)3 (23)
In the reaction of BH,P(CHg), with the trityl cation in the presence of excess BHy'P(CH,), the second

molecule of BHy P{CH,)4 plays the role of L' by coordinating to “BH, P(CHg), + through the formation of
a B-H--3B bridge bond.

(CHy)aPH,BH + BHyP(CH;)3 + — (CH,)aP H,BH—BH, P(CH,),* (24)
The characterization of this very unstable diboron complex cation, BZHS'ZP(CHa)a*', has yet to be com-
pleted. However, "B, 'H and 3P NMR spectra of the reaction mixtures suggest that the product of

reaction is the diboron cation, (CH3)3P‘HZB—H-BH2'P(CH3)3+, with a structure analogous to that of the
isoelectronic species, BoHy™.

2.4 Cleavage of Polyboron Complex Cations with Lewls Bases
Like neutral and anionic boron hydride compounds, the polyboron complex cations, if electron
deficient, undergo cleavage or addition reactions with Lewis bases.  Thus, the tetraboron cation B,H,'

2P(CH3)3+ is cleaved (a "symmetrical” cleavage) by trimethylphosphine according to the following equa-

tion:m)

3
B4H72P(CHg)3* + R P(CHy)5 — B3H4-ZP(CH3)3* + BHy P(CHy), (25)
Similarly, when the B4Hg™ salts of the amine-containing cations, BsHs'ZN(CHa)a+ and B3H6'N(CH3}3~

P(CH3)3+. are treated with N(CH,)4 or P(CH,)3, the cations are cleaved and the diboron complex cations
are formed with the general formula B,Hy'(3-X) N(CHa) 3 XP(CHg) 4+ 5.7

9. B3Hg2N(CHy)3*B3Hg™ + 2 N(CHy)y — ByHy IN(CH;)3*BaHg ™ + BHy N(CHy)s (26)
BgHg N(CHy)3 P(CHy) 1 *BaH,™ + 2P(CHy)y —

By NCHy)3 2PCH); By ™ + BH PICHy), (27)
5
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In contrast, the treatment of B3HG-2P(CH3)3*’83H8' with P(CH4)4 or N(CH4) 5, does not give the expected
diboron cation ByHy 3P(CHg)a* of ByHy 2P(CHz)3 N(CHa)5*.'S) See Section 4.

2.5 Lewlis Base Addition to Polyboron Complex Cations
Although this is another general type of reaction, so far only one example can be cited.

BgH43P(CHy)3* + P(CHg)3 — BgH, 4P(CHg),* (28)

The product cation is an electron precise, hypho class species and is stable toward trimethylphosphine.‘a)
3. STRUCTURES OF POLYBORON COMPLEX CATIONS
3.1 BnHM,'zP(CHa)s"

An x-ray diffraction analysis has been performed on a singie crystal of BaHG'ZP(CHs)a"’BaHs‘ at-90
*C.18) The structure is shown in Figure 1. The geometries of the two isoelectronic triboron species,

3\@
Unit cell packing of BaHg 2P(CHg)3*B4Hg ™ dbéj o O 2
Orthorhombic:
a =14.063(4) A LO

b=14.191(3} A
c= 8.784(2) A.

Bond lengths (A) for ByHg 2P(CH4)4* and ByHg™.

Y B(1)-B(2)  1.805(8) B8(3)-B(4) 1.769(7)

Ny ! B(2)-B(2')  1.805(6) S B(4)-B(4" 1.773(9)
AN B(1)-H(1)  1.10(4) W B(3)-H(4)  1.04(4)

l l B(1)-H(3)  1.40(3) \“n B(3)-H(5A)  1.35(9)
g% . BRMHE  1.1303) ’l . B(4)H(5A)  1.35(11)
J Y 7 OB@RMH2)  1.13(3) " gt \ "M B(4)-H(E) 1.18(5)

B(2)-P 1.906(4) 7 B(4)-H(T) 1.00(4)
B(4)-H(58)  1.40(8)

Figure 1. Structure of ByHg 2P(CHg)5*BaHg ™
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B3H6-2F’(CH3)3+ and B3Hg™, are similar to each other. Slightly longer B-B distances for the cation are
noted. Tha cation is fluxional with respect to the migration of all borane hydrogen 2toms around the three-
boron framework: The room temperature 'H NMR spectrum shows only one signal for the borane
hydrogen atoms. At -80 °°. however, the signal is split into three signals of equal intensity, which is
expected for the static structure shown in the ﬁgure.’) The cation is less fluxional than BaH; P(CH,),
which is less fluxional than the B;Hg™ anion: the H NMR signals for the static structure of B:,H7'P(CH3)3
can only be observed when the sample is cooled to 95 °C,'7) and at this temperature the 'H spectrum of
the B4Hg™ anion indicates that the hydrogen atoms are rapidly migrating.

The structures proposed for the B,H, 4 2P(CH3)5* homologs are summarized in Figure 2. Shown
also in the figure are the reported structures of related isoelectonic, neutrai and anionic species.2:'8-20)

Clearly, each of the cations is isostructural with its isoelectronic counterpants. In the NMR spectra of the
tetra-, penta- and hexaboron cations, no indication of rapid fluxional behavior is observed up to room
b temperature, whereas every one of the corresponding isoelectronic species is known to exhibit fiuxional
& behavior.
1
{ CATIONIC MOLECULAR ANIONIC
AN /\ I\
} 3 8" ;@ L e <8 8¢
f P P
B, ;,.( N FG, :;.-{ \-< e D <
» \ 'Y / \ s / \. s /
{ "B \B/B\‘B'® \./?\B/ \'/;\B,
5 rd -~ rd ~ ”~ -~
NE AR AR W,
[} S T\ F S—— T\ § S——
\,/\‘., \./’\., \B/_\'s,
"Bg ( \%> -~ ) ~ ‘)
B 88— 8~
B/ \B 8 B8 0/ \8
YN YT Y
e 8

Figure 2. Structures of the B H 4 2P(CHy),* cations and related isoelect-onic,
neutral and anionic species. The shaded circles represent P(CHy)4.
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3.2 B,

‘P(CHj)5*

The '8 NMR spectra of BsHg'P(CHy)3* (Figure 3), and the 'H{''B} spectrum of the cation, which
contains two borane hydrogen signals (terminal and bridging) in a 1:1 intensity ratio, immediately suggest
that the structure of the cation is as illustrated in Figure 3.'") Thus, it is isastructural with pentaborane(9)

ne3

which is isoelectronic with the cation. The B-P coupling constants of the apex boron atom in the square
pyramid structures are unusually large. The values of 220 and 212 Hz are observed for BgHg' P(CHg),* 1"
and BGHQ'ZP(CHa)s**,‘z) respectively.

‘ +
\ /NS N

VAN

-10 -20 -30 -40 —-50 PPM

Figure 3. 1B NMR spectra and proposed structure of BgHg P(CH3)5*.
Upper spectrum, 1H-spin coupled; lower spectrum, 1H-spin decoupled.

3.3 B,H,,,3L*

Four of the six possible BzHa-(S—x)N(CH3)3-xP(CH3)3* cations where x=0,1 and 2 have been pre-
pared and the structures studied by NMR spectroscopy.sJ) See Figure 4. These cations are electron
precise, and are isoelectronic with ByH, 2P(CH,)4 and BoH4 2N(CH,),.

The B_.,H.‘GP(CH;;):;+ cation has the structure shown in Figure 5, which is consistent with its low
temperature (-100 °C) '8, 'H and 3'P NMR spectra.’® At room temperature, however, the cation is
fluxional with respect to the rapid migration of all four borane hydrogen atoms around the borane frame-
work: The signals of borane hydrogen atoms are coalesced to a single signal, as are the '8 and 3'P
signals. To illustrate the fluxional behavior of this cation, a process involving an intermediate, which
contains a coordinated double bond, is proposed. See Scheme 1. Such a coordinated double bond
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representation has been used to describe the valence bond structure of B,C,Hg.2"

N(CH;), N(CHy), *
| | 1,1,2-Tris(trimethylamine)-

H-—B B—~H trinydrodiboron(1+) cation

I I
NCH,); H

N(CH;), NCHy), *
| | 1,2-bis(trimethylamine)-1-
H—B B—H trimethylphosphinetrihydro-
diboron(1+) cation

(two optical isomers possible)

[ |
P(CH,), H

3

N(CH,;),4 P(CH 3 ) ]
| | 1,1-bis(trimethylamine)-2-

H—B 8~—~H trimethylphosphinetrinydro-
| | diboron(1+) cation
N(CHa)3 H
?(CH 3l3 T(CH3 )3 1-trimethylamine-1,2-
H—B B—H bi.s(trime!hylphosphine)-
trihydrodiboron(1+) cation
N(CH 3)3 H (two optical isomers possible)

Figure 4. Diboron complex cations, B,Hy (3-x)N(CH3)5xP(CH,4) 5%, where x=0, 1and 2.

H  PCH,), " e
B
:
v/ O\, _reHy)
"\a/ \a/P‘CHs’: “>T T<N 3

/\"_/\
€Hy )P H P(CK,); PICH,),

Figure5. Structure proposed Figure 6. Structure proposed
for ByH, 3PCHy);* for BHy 4PCHy);"
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34 BH, 4Lt

The NMR data ('8, 'H and 3'P) for the B4H, 4P(CHg),* cation') are consistent with the structure
shown in Figure 6, which can be derived from the structure of BSH":!P((:Ha)a+ (Figure 5) by adding
P(CHjy), to one of the hydrogen bridged boron atoms, thus cleaving the bridge bond. The cation is iso-
electronic with ByHg 3P(CHg)5.22)
3.5 lisoelectronic—isostructural Feature

Each of the polyboron complex cations has been found to be isostructural with the isoelectronic
neutral and anionic species (when those species are known). As illustratec in (i) and (ii) of Scheme 2, the
structures of the tetra- and pentaboron cations are closely related to those of the respective parent
compounds from which the cations are prepared. For example, the arachno B4H7'2P(CH3)3* cation is
obtained by abstracting a Lewis base, H, from the hypho B Hg2P(CH,}; adduct. Conversely, the
hypho adduct can be prepared by the addition of a Lewis base, P(CH3)3 to the arachno adduct, B,Hg'
P{CH,)3. The same relation also holds for the hexaboron species. However, the structural change that
occurs at each step of the hexaborane transformation is seemingly drastic. t had been known, when the
synthesis study of the BSH9~2P(CH3)3*’ cation was initiated, that two difieremt boron framework
structures could be assumed by arachno hexaborane compounds. One was the belt-shaped structure of
hexaborane(12)23) which was essentially the same as that of the hypho adduct BgHyo'2P(CH3)524 as
illustrated in Figure 7(a), and the other was the basal-bridged square pyramid structure which is assumed
by BgHyo P(CHg)3'® and BgH,,~ 20). Therefore, it was of interest to see how the belt-shaped structure of
the hypho adduct would transform upon conversion into the arachno hexaboron cation.

The mechanism of the hexaborane structura! transformation is unknown. Formationof a bond
between B(2) and B(5) of the structure in Figure 7(a) followed by a succession of dsd rearrangememszs’
could result in the observed structure in Figure 7(b). As the skeletal electron-counting rule?®) dictates.
both of the two known structures of arachno hexaborane compounds are der.ved from the eight- vertex
closo deltahedron (bisdisphenoid) by the removal of two vertices.

An obvious difference between the two sets of compounds is in the total number of ligands (including
hydrogen atoms as well as bases) attached to the boron framework; eleven versus twelve. The less

10
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opened structure is assumed by the eleven-ligand compound. Further studies are necessary, however,
to elucidate the factors that determine the choice of structure.

‘ SCheme 2 Arachno Hypho wachno
\’ \a’ /\s’\;
o /a\a/ oy N P s, 2
t S N N\
|
]
X N /I\ s oPCHyy g : ) H e Vs:.
{ o) -8\\ ,/a- el \\7/&{/\ —_— QBA.;(/
1 =58 AN
J e ) SB_B’QB/ - \a@/o
@ (!/?(D + P(CHy)y g A\ar/é\ !‘ —_— L/: )
| e =N 7
- /‘\ I‘\

Figure 7. Boron framework structures for (a) BgH, 5 2P(CH4)q and (b) BgHg 2P(CHZ)4*
4. REACTIVITIES OF POLYBORON COMPLEX CATIONS

4.1 General Pattern of Reactions with Lewis Bases

I Gy Y
L. A4 B0 o

b The polyboron complex cations, when not electron precise, are reactive toward Lewis bases. At this
stage of research, it can only be stated that trimethylphosphine either aads to the cation to form the next
higher class cation (e.g. arachno — hypho), or it cleaves the cation into BH4 P(CHj3)4 and a polyboron
cation of the same class. Thus, the arachno B4H7'2P(CH3)3* cation (as BF ,~ salt) reacts with trimethyl-

11
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phosphine, and is cleaved into BHy P(CHg)y and arachno ByH,3P(CHy)5*:'3) the arachno ByH,

3P(CHg)3* cation further reacts with trimethylphosphine and the hypho ByH,4P(CHg)a* cation is
formed."3) Likewise, arachno ByHg 2N(CHa),* reacts with P(CHy) to produce BHy P(CHa), and arachno
BoH32N(CHg)y P(CH3)3“.7) The electron precise cation ByH,4P(CHg),* is inert to P(CH5)4. Similarly,
BZH:,':SN(CH3)3+ is inert to N(CHy)4, but this cation undergoes a ligand displacement reaction with P{CH3)-
to give BzH3'2N(CH3)3'P(CH3)3".7) The other larger cations react with P(CHg)3 or N(CH,),, forming
addition compounds and then further reacting with the base to produce the BH, adducts of the base and
other borane compounds. The formation of the BH, adducts suggests that the original cations have
undergone cleavage reactions to form new polyboron cations. Characterization of these products is not
complete at this time.

4.2 Reactions of ByHg2P(CHy)3*, ByHg'N(CHy)yP(CHy)g* and ByHg2N(CHy)s* with
P(CHg) of N(CHg)y
The reactions of BaHs'ZP(CH3)3+ with trimethytphosphine or trimethylamine are given in Equations
29-32 below."-'5) Obviously, these reactions are dependent upon the hydroborate counter anions.

83H6'2P(CH3)3"'82H7" +3P(CHy)3 — B,H42P(CH,), +3 BH,4 P(CH3)q (29)
BSHG'ZP(CHs)a*BZH-,’ +3 N(CHj)3 — ByH,2P(CHy)5 +3 BH4N(CH,3)4 (30)
BSHS'ZP(CH3)3+83H8— +2P(CHy)y — B 4Hg 2P(CHy); +2 BH5P(CH3)4 (31)

B3Hg2P(CHy)3*BgHa™ + 2N(CHy)y —
ByHg PICHy) 3 NCHy)3 + BHyNCHy)3 + By P(CHy), (32)

When B3Hg™ is the counter anion, the product is a tetraborane(8) adduct. On the other hand, as
described earlier in Equations 26 and 27, B3Hg'2N(CHy),* and BaHg'N(CHy)5  P(CHg)5* react with
P(CHg)5 or N(CH,), to give the diboron complex cations, BoHy: 2LLH (L, L= P(CHg)5 or N(CH3)3) and the
base adduct of BH3.6'7) The anion is unatfected. In the products of these cleavage reactions, the
attacking Lewis bases, L,, are always attached to the BH, fragment and, in the diboron cation, to the
boron atoms to which trimethylamine is already attached.

N/ +
o o
1 ' L - BH;L, + =— B——B— (33)
- Be—— B—r_ A 3°A | |
! I L NCH3) 3
L N(CH3)3

On the basis of these observations the following statement may be made. The key to the cleavage of

12
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the triboron cation is provided by the enhanced electrophilicity of the amine attached boron atom. Tri-
methylphosphine does not induce such an electrophilic character in the boron atom to which # is bonded,
and therefore the base attack on that boron is ineffective. A speculative mechanism for the formation of
tetraborane(8) adducts from ByHg'2P(CHy),*BaHg ™ was reported elsewhere.'>) The mechanism in-

cludes the formation of an intermediate involving both B:,HG‘ZP(CHa):,+ and ByHg™. which undergoes a
rapid reaction with the attacking base.

4.3 Thermal Decomposition of B,H,™ Saits of Triboron Complex Cations
The B,H,™ salts of the triboron cations decompose at room temperature according to the following

equations:1-6.7)

ByHg 2N(CHg)3*BH,~ 5 ByHyN(CHg)gs BHy N(CHg)g + 172 B,Hg (35)

Thus, the overall reactions of the diborane(4) adducts with diborane(6) at room temperature is the
conversion of B,Hg into the B;H, adduct. This borane framework expansion is a general type of reaction.
For example, by reaction with ByH,2P(CH3)y. BgH, THF and B Hgq'PH, are converted into
B4H3'P(CH3)3’5) and BSHQ-P(CH3)3,27) respectively. Earlier in this paper, the formation of products
observed in some reactions was explained in terms of this type of reaction (Equations 18 and 20).

5. SUMMARY

Formation of a polyboron complex cation occurred when a cationic species was added to a neutral
borane compound, or when an anionic species was abstracted from a neutral borane compound. Enrich-
ment of electron density on the borane moiety of the neutral borane compound should facilitate both the
addition of cationic species and the abstraction of anionic species. Thus, B,H, 2P(CH,)q combined with
BHZ+ to give the 83H6'2P(CH3)3* cation, and the P(CH,)5 adducts of the B4Hg. BgHg and BgH, 4 frag-
ments were converted into the corresponding polyboron complex cations by hydride abstraction. Sub-
sequently, the BoH, adducts which contain the N(CH,}, ligand were also found to combine with BHz“ 10
give B3H(.;~N(Cl—{3)3-P(CH3)3+ and BSHG-ZN(CHa)a’. These amine containing cations displayed reac-
tivities which were different from those of BaHG'ZP(CHa)S*‘. Further studies of polyboron complex cations
involving characteristically different Lewis bases should enrich the reaction chemistry of boron hydiides.

Thus far, the isoelectronic-isostructural feature is prevalent among the polyboron complex cations.
Also, the reaction patterns of these cationic species appear to parallel t!.ose established for the neutral

borane compcinds. These apparent similarities may be developed into a working model which should
prove beneficial to future exploratory work in this new area of boron hydride chemistry.

13
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Formation and Reaction Chemistry of
Trimethylamine-Trimethylphosphine—Diborane(4)

Rosemarie E. DePoy and Goji Kodama*

)
Received September 15, 1987
) We reported in an earlier communication' to this journal that
trimethylamine-trimethylphosphine—diborane(4). B.H,N(C-
f H):-P(CH,),. was formed by a ligand displacement reaction of
bis(trimethylamine)—diborane(4). B;H2N(CH;);. with tri-
methylphosphine (see eq 1). The product was the first repre-
B.H,-2N(CH.): + P(CHy), ~
B-HN(CH)-P(CH;); + N(CHy); (D)
b

sentative of a previoushy unknown mixed-ligand adduct of di-
borane(4). Displacement of the second trimethylamine proceeded
very slowly.

The mixed-ligand adduct, B;H ;- N(CH;)-P(CH,);. can now
be prepared in pure form by the reaction of B;H--P(CH,), with
trimethylamine. Furthermore. this finding has provided a new
insight into the reaction mechanism of base cleavage of tri-
borane(7) adducts. In this paper, we describe the characterization
and reaction chemistry of the mixed adduct of diborane(4).

Results
A. Cleavage of P(CH;); and N(CH,). Adducts of B;H-. (a)
Reaction of B;H--P(CH,), with N(CH,);. Formation of B,H.-
N(CH,)-P(CH,):. The reaction of B;H-P(CH;); with 2 molar
“ equiv of N(CHj;); in dichloromethane at room temperature pro-
ceeds according to eq 2. The mixed-ligand adduct of B,H; can

g

B.H--P(CH,). + IN(CH,), —
B.H+N(CH)+P(CH,); + BHN(CH,), ()

be separated from BH+N(CHj;), as a colorless solid by fractional
sublimation at room temperature. The compound is stable in the
absence of air. It slowly decomposes in solution at room tem-
perature.

NMR Spectra of B,H,-N(CH,),:P(CH,);. The ''B{'H{ NMR
spectrum of B,H-N(CH,);-P(CH,), in Figure 1 shows a broad
signal at 2.7 ppm due to the aminc-attached boron atom (By)
and another at -36.4 ppm due to the phosphine-attached boron
atom (B,). The 'H-spin-coupled ''B signals are broader but do
not have any fine structure. These shift values are compared with

H H
(CH3)3P\ \B/

1

82
y J \H N(CH, ),

i
’

. PRENTAV]

Figure 1. "'BI'H| NMR (96 2 MH7) spectrum of BsH,-N(CH,).-P(C-
Hovoat +20 °C i CHLCLL

(1) DePov. R F . Kodama, (i fnorg Chem. 1988 24, 2871
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the values of B,H2N(CH;), and B,H-2P(CH.); in Table Ia
The *'P{"HI NMR spectrum of the compound is a broad. partiall:
collapsed 1:1:1:1 quartet centered at 3.6 ppm with a Jpg value
of ca. 50 Hz. The apparent absence of a doublet feature (B-P
coupling) on the By resonance signal (Figure 1) is attributable

Table I. ''B NMR Shitt Data (ppm)

a. B,H,L-L
B-N B-P
B.H2P(CH));* -3 s
B.HN(CH,)P(CH:}, -2.7 -36.4
B.H - 2N(CH:¢ -1s
b. BHeL-L™
B-N B-P BH,
B\H,-2P(CH,** ~39.0 -10 3
BH-N(CH)«+P(CH.)." -12.4 -41.3 ~10.2
B.H IN(CH,*F ~18.% 4"

“References 14 and 15, "Reference 1. Reference 3

to this small Jgp valuc and 1o the broadness of the signai. The
'Hi''Bf NMR spectrum shows a singlet at 2.52 ppin intensity
9. amine CH; protons), a quintetlike signal 2t 1.75 ppm (intensity
2. protons on By). a sharp doublet at 1.14 ppm (*J = 9.0 Ho.
intensity 9. phosphine CH, protons). and a doublet of triplets i
0.03 ppm (*Jyuge = 21 Hz. YJygen = 5.0 Hz. intensity 2. protons
on Bp). The quintetlike signal of the protons attached 1o By 1~
thought to be due to spin-spin couplings 10 both the By protons
and the phosphorus. On the basis of this assumnuion, o value o
9.7 Hz is est'mated for “Jyugp-

(b) Reactions of B;H--N(CH:), and B-H--P(CH.). with P((-
H,;).. The trimethyviamine adduct of BiH- sluowly reacts with
P(CH,;), at room temperature i1 dichloromethane. The maer
products are BHN(CH,}; and B-H2P(CH . and BH -PiC -
Hi)yand BoHN(CH ) +P(CH )« are detected i minute guen-
tities. Thus, the appropriate equation for the reaction is

B/H-N(CH ) + ZP(CHy, —
B.-H;2PiCHO + BHNCHO, o1

The reactior Hf ByH+P(CH,); with P(CH ). proceeds similura

B.H-~P(CH,), + 2P(CH,); —
B.H,2P(CH.). + BHoPICH . o

B. Reactions of B,H,N(CH,);P(CH,}.. (a8) With Hydrogen
Chloride. The mixed-base adduct, B-H N(CH ) «P(CH . reacts
with anhydrous HCl at =80 °C in a CH,Cl, solution according
toeq 5. Apparently, an alternative mode of cleavage is unti

B.HN(CH,)«P(CH ), + HCI ~
BHN(CH.), + BH.CLP(CH ), (5

vorable: BHyP(CH, ), and BH.CLN(CH ), are produced in trace
quantities.

(b) With Tetraborane(10). Treatment of B.H, N(CH:)..
P(CH:): with ByH,, results in the formation of & now triboron
complex cation. (trimethyiamine)(trimethviphosphinethexa-
hydrotriboron(1+) [(B:H-N(CH ) -P(CH).*] (seceq 61 Thne
reaction is analogous to that of BiH2P(CH ), (eq 7) or B
Hge2N(CH,), with B,

(M Kodama, G Rkameda, M [norg Chem 1979 /5 2302
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S:HeNICH O -P(CH ) + ByHp —
B:HN(CH{)-P(CH,),*B,H, (6)

B,H - 2P(CH,), + ByH u — B;H-2P(C4);" B Hy”
(7

NMR Spectra of B,H,-N(CH,),;-P(CH,);*B,H;". Figure 2
shows a 'B{'H} NMR spectrum of the salt, BHN(CH;);-P-
(CH,);*B;H,™. The signal at -30 ppm is readily assignable to
the B;H; anion* Shown also in Figure 2 is the proposed structure
of the B;H,-N(CH,),-P(CH,),* cation, which is similar to those
of the ByH-2N(CH;);*! and 8;H¢2P(CH,),* 3" cations. A
comparison of the NMR dat. of these three cations permits an
unambiguous assignment of the spectrum (see Table Ib). Thus,
the signals at -10.2, -12.4, and -41.3 ppm (Jgp = 116 Hz) are
assigned to the B(3), B(1). and B(2)atoms. respectively, of the
new triboron cation. The *'P{'"H} NMR spectrum of B H,N-
(CH)+P(CH ). *B Hy shows a well-defined 1:1:i:1 quartet
centered at -3.3 ppm with a ''B~"'P spin-coupling constant of
119 Hz. The variable-temperature 'H{''Bl NMR spectra of
B:iHN(CH ;) -P(CH,).*B;H;  reveals that the cation is fluxional
with respect to migration of the borane hydrogen atoms around
the three-boron framework of the cation. At -10 °C the borane
proton signal appears as a singlet at 1.40 ppm. At -80 °C,
however, this signal disappears and a singlet signal appears at 2.17
ppm. Other signals of borane protons. which ar expected to
appear at higher field, could not be identified unequivocally.
probably due to the overlap with the phosphine methyl proton
signal at 1.39 ppm (*Jyp = 12 Hz) and the B H, proton signal
at 0.02 ppm. Shoulders were discernible on both sides of the 0.02
ppm signal. The signal of the amine methy! protons appears at
2.66 ppm.

(c) With Diborane(6). As is the case in the reactions of di-
borane(6) with B,H,;-2PICH,); and B.H2N(CH;):.!'" the
treatment of B.H,N(CHy): with B.Hg a1t -65 °C produces a
B.H-" salt of the B:HN(CH,);-P(CH),* cation:

BiH N(CH ) +P(CH.), + */.B,H, —
B.HeN(CH -P(CH ) *B.H- (%)

of, eg.

The product undergoes a slow decompeosition at -45 °C according
toeq 9. The decomposition is fast above 0 °C and is quantitative.

B:HN(CH)P(CH),"B,H, -»
ByH--P(CH.). + BHN(CH,); + /.B;H, (9)

An alternative mede of decomposition that vould produce B
H--N(CH:), and BH-P(CH,), does not occur.

Discussion

When the B-B bond of B:H,-N(CH;),-P(CH,). is cleaved as
a result of the reaction with an electrophilic reagent (eq 5 or eq
& and 9). BH.-N(CH,), is produced, and the stronger base. P-
(CHy,)s, is attached to the stronger acids, BH,Cl or B;H.. Other
than this unique feature of the mixed-ligand adduct. the reactions
of ByHeN(CH,)-P(CH,); with electrophilic reagents paralle
those of B-H-2N(CH,),' and B,H,2P(CH,);.} Reaction chem-
istry of the new mixed-ligand triboron complex cation, B,H,-N-
(CiH4)-P(CH )", will be describud 'n a suparate paper.®

Ritter and co-workers” and Parry and Paine' proposed &
mechanism for the triborane cleavage reactions. The most im-
portant facet of this mechanism is the formation of an interme-
diate. B;H-.L 1., where |, and L, represent (he Lewis base in
the reacting B:H: adduct and the attacking Lewis base. respec-
tively. As illus‘rated in Scheme I, this mechanism adequately

(1) Kameda. M.. Kodama, G. J. Am. Chent. Suc 1980 102, 3647

(4) Eaton, G. R Lipscomb, W. N. NMR Studies of Boron Hyvdrides and
Reluted Compounds. Benjamin: New York, 1969

Shimoi, ... Kamed.. M : Kodama. G. Abstracts, Annual Meeting of
the Chemical Society of Japan, April 1985, Paper No 1135

(6) DePoy, R F . Kodama. (i [norg Chem.. in press

(7) Deever, W R _Lory, F R Ritter, D. M_Inorg Chem. 1969, 8. 1261
(&) Paine. R 1 Parrn . R.W Jnorg Chem 1978 14, 689
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Figure 2. "'BU'H{ NMR (96 2 MH2 spectrum of B HNGCH P
1CHO "B, ar 20 °C in CDLCL-
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explains the observed formation of the B.H, adducts contaiming
P(CH b or NCH O B is noted that, whenever s,z s imvohved
in the reaction, BHN(CH ), is produced. indicating that ¢lim-
wmation of BHEN(CH ), from the intermediate o fuvored over
BH:-P(CH.}; erimination

In the eariy days, the reaction of a triborane( 7y adduct of o
strong base [e.g.. ByH--N(CH ;] with a strong base Jeg, -
(CH,),] was thought to give a complex mixture of borine com-
pounds containing polymeric species.”  The newiv nbserved
formation of the BoH, adducts of stronghy basic PrCH L and
N(CH,), corrects this carlicr misconception.

Experimental Section

General Frocedures, Conventiong) vacr i
throughout  Transfer of mir-sensitive solids was pertormed 0 o pias
glovebag hlied with dry mitrogen gas The sources of BoHL, B0
PCCH L NECH b and dichloromethape vere deseribed Pres s
Some samples of ByH ., were prepared from (CHO,NTBAHL S ibe
treatment with BEy ' The NMR spectra were obuaned on oV
XL-300 spectrometer, the observe frequer.ies bemg 96 - i
2999 MHz for "B, UPoand HL respectinely. Chenneal st are o
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H,PO, for boron and phosphorus, respectively. Proton shifts are given
with respect to the resonance signal of proton impurity in CD,Cl,, which
was taken as 5.28 ppm. Shifts to lower fields are assigned positive values
Generally. reactions were run in 9-10 mm o.d. Pyrex tubes or in 10 mm
o.d. resealable NMR sample tubes (products of J. Young, Ltd.) and were
monitored on the NMR instrument by observing ''B spectra.

Reaction of B;H--P(CH,), with N(CH,);. A 1.0-mmol sample of
N(CH,); was condensed into a reaction tube containing 0.50 mmol of
B,H-P(CH,), (prepared from B,H,, and P(CH,),'?) and approximately
I mi. of CH.Cl,. The reactants were mixed well at -80 °C and then
allowed to warm slowly. When the temperature reached about 20 °C,
the reactants had been completely converted to a mixture of B.H+N(C-
H3)-P(CH,); and BHN(CH,), (-8.3 ppm)."*  The solvent and the BH,
adduct were pumped out at -45 and 0 °C, respectively. and the remaining
solid residue was sublimed under high vacuum at room temperature onto
a 0 °C cold finger

Samples of BiHN(CH O P(CH L), for reaction studies were prepared
by allowing the initial mixture of reactants to stand at room temperature
for 15 min and then by removing the solvent and the BH-N(CH ), as
described above. The solid residues thus obtained were sufficient]s pure
for general use.

Reaction of B.H.-N(CH,); with P(CH,},. A 1.05-mmol sample of
P(CH 3, was condensed onto i frozen CHLCIL solution containing 0 49
mmol of BiH-N(CH,):. and the solution was mixed thoroughly at Kﬂ
°C. Trimethylamine -borane(3) and B,H2P(CH . (- 37 S ppm) *
slowly formed in the reaction mixture at room temperature  The reaction
was nearly complete aftér 3 h at this temperature.

Reaction of B-H-N(CH.) -P(CH,). with HCl. Anhvdrous HCl (025
mmol) was condensed 1nto a reaction tube containing O 1% mmol of
BiH -NCH O -PICH 3, and approximatels 1 mb of CH.CI, frozen at
=196 °C. As the mixture was allowed to melt, the reaction occurred
immediately. The B NMR spectrum of the reaction mixture indicated
the formation of BH-N(CH 3 and BHLCLP(CH L), (- 18.8 ppm) * with
traces of BHwP(CH). ¢-37.1 ppmi* and BHLOEN(CH D -7 % ppm)

Reaction of B.H-N(CH)).-P(CH,). with B,H... A 0 35-mmol sample
of ByH 5 was condensed mto a 10-mm NMR tube contaimng 0 30 mmol
of B:HeN(CHDPICH )5 and approximately | ml of CH.Cl. The
reactants were mixed well at X0 °C and then allowed to stowly warm
At =60 °C the formation of BiHANICH O -POCH OB HL ways obs
served  Then. the tube was warmed to room temperatures 1o ensure that

the reaction had gone to completion The solution was then cooled th 10
°C. and the solvent and unchanged B.H,, were removed by pumping
The resulting white sohd residue, Bile N(CH ) PACH ) TBLH, . was
redissolved in CD,Cl, for the NMR siudy.

Reaction of B. }L N((‘Hm P(CH,), with B-H,. A 0 &]-rnmol \ample
of B:H, was condensed into a reaction tube containing 0.52 mmol of
BHN(CH ) P(CH,), and approximately 1 ml of CH.Cl. The
reactants were mined well at ~80 °C. and then the tube was allowed w0
warm slowly. At 65 °C tae formation of BH.N(CH:):-P-
(CHL),*B,HA" was abserved At - 48 °C the reaction was faster, and the
formation of BHN(CH.). and B.H-P(CH, (-1S6 and 430 ppm1**
was observed. When the temperature reached 25 °C. only the signals
of BHyN(CH 1. ByH-P{CH ). and B.H, were present
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Earlier, we reported briefly that the reaction of bis(tri-
methylamine)hexahydrotriboron(14) octahydrotriborate(1-),
B;H¢-2N(CH,);* B;Hg", with trimethylamine resulted in the
cleavage of the triborun cation framework to produce a new
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Table I. Chemical Shift Values for the Diboron Complex Cations”

Inorganic Chemistry. Vol 27 Noo 101955 1837

MCH3la NiCh3ly N(CH3ig N
H—év—N(CH;)g H—B.—PiCHzy n-:\lawmc»«;'s nOBe FRg
“—éz‘mCHJ‘s H-—é;—"h",n;l; n——érmcn,;j ne-By ~NiThg
" D " .
I I1 i1l HE
"B B(1) +11.4 -SK +128 <3
B(2) -3a7 -35.8 3 <4
p P(1) -142 130
P(2) +1.9 +0 <
"H Hunel D) 268 267 278 X
H\\h(z) AR ~ g
Hpume(1) | 3er | 440
Hpul D) 120 p A

¢ The shift values are expressed in ppm. Standards for the shifts: "B, BF::O(C H<): "'P. 877 orthophosphoric acid. H. CH.Cl- wgnat a £ 2%
ppm. Low-field shifts are taken as positive. *Doublet. Jyp = 10 H7 < Doublet, J,, = 11 Hz

diboron complex cation. tris(trimethylamineytrihydrodiboron(1+).
as indicated in eq 1. This reaction contrasted sharply with our

B;H(,'ZN(CH\)I*B’(H!‘_ + ZN(CHJ)J e
B,H;-3N(CH,),*B;H;” + BH,\N(CH,); (1)

earlier observation® on the reaction of B;H,-2P(CH,),*BH,” with
N(CH;);. which produced the tetraborane(8) adduct according
toeq 2. The reaction of ByH-2P(CH,;);*B:H;” with P(CH.),

B]H(,'zp(CH}))*B‘Hgi + :N(CHJ)! -
ByHg-N(CH;)P(CH;)y + BH-P(CH,); + BH-N(CH.),
(2)

proceeded similarly to give B,Hg-2P(CH,),.2

As a result of the recent, successful isolation of B.H -N(C-
H;)3-P(CH3;); in pure form, arother triboron complex cation,
B \H-N(CH,)P(CH,},”. becar:c available.? It was of interest
to see how the B;H; ™ salt of this “hybrid™ cation would respond
to the treatment with N(CH,), or P(CHj);. In this paper. results
of the reaction studies of B;HN(CH,),-P(CH,),*B,H," are
described and are compared with corresponding reactions of
B;H2N(CH),*B;H;™ and B;H-2P(CH,),*B,H;".
Resuits

Reactions of B;H-N(CH.),.P(CH;),*B:H;™ and B:H2N-
(CH;),*B;H;~ with N(CH,), or P(CHj;), proceeded according
to eq 3-6.

B;HN(CH)»P(CH;),"B3;Hy™ + 2N(CH;); —
{N(CH3),]Z-BHB[HyP(CH;),*B,Hg" + BH;-N(CH;): (3)

B,H:N(CH,)-P(CH,);*B,Hy" + 2P(CH,), —
N(CH3),-P(CH,),-Bll;lBH3~P(CH3)3*B,H8’ + BH,P(CH,),

(4)

B;H¢2N(CH,),*B;Hg™ + 2N(CH,); —
[N(CH,),]z-BHll!l}ilz-N(CHQ;*B;Hs‘ + BH;N(CHj); (5)

B;H¢-2N(CH,),*B,Hy" + 2P(CH,); —
N(CH,),-P(CH,);-I{B\I}!BHZ-N(CH,)J‘B,HS‘ + BH,-P(CH}),

(6)

Generally, these reactions are clean and virtually quantitative
as long as the reaction solutions are kept below the decomposition
temperatures of the respective products. As the reaction pro-
ceeded, the signals uf the N(CHj,); or P(CH;), adduct of BH,
and the diboron complex cation grew in the ''B NMR spectrum
of each reaction solution while the signals of the triboron complex

(1) DePoy, R. E.; Kodama, G. Inorg. Chem. 1988, .4, 2871,
(2) Kameda, M.: Kodama, G. /norg. Chem. 1984, 23, 3710.
(3) DePoy. R. E.. Kodama. G. Inorg. Chem. 1988, 27, 1116

cation diminished and that of B;H, remained unchanged.
Compound IV is the most stable of the four diboron cations. and
most of the coproduct. BH-P(CH;) ;. can be sublimed out a1 0
°C. Above 0 °C, however, this salt decomposes stowly. This
compound can also be prepared from 111 by a ligand displacement
reaction (eq 7). Salt 11l is the least stable and undergoes de-

[N(CH)J»BHBHN(CH ) *ByH, + P(CH,), -~
N(CH ) -P(CH ) «BHBH-N(CH ) *BiH, + N(CH), ()

composition at ~40 °C. Compounds | and 11 decompose slow |y
at ~30 °C. Because of their limited stabilities. the salts were
characterized by their NMR spectra as they were formed. in the
presence of the coproducts BH+N(CH,), or BH.-P{(CH.)..

NMR Spectra and Structures of the Diboron Complex Cations.
The chemical shift data for the four diboron cations. I-1V, ure
listed in Table 1.

(a) 1,1-Bis{trime hylandine)-2-(trimethylphosphine)trihydro-
diboron(1+) Cation, [N(CH,),].-BHBH.-P(CH.}.* (I). The two
broad signals at +11.4 and -34.7 ppm in the 1B} H; NMR
spectrum could readily be assigned to the two-amine-attached
boron and the phosphine-attached boron atums. respectively.
Furthermore, the presence of only one amine methy] proton signal
and its intensity 2 relative to that of the phosphine methyl proton
signal supported the designated siructure of this cation.

(b) 1-(Trimethylamine)-1,2-bis(trimethylphosphine)trihvdro-
diboron(1+) Cation, N(CH,),-P(CH,) -BHBH.-P(CH.).* (1I).
The broad signal at -5.8 ppm in the "'B{'H{ spectrum was at-
tributed to the boron atom attached to both an amine group and
a phosphine group, and the signal at -35.8 ppm could be attributed
to the phosphine-attached boron atom. The presence of two
phosphine methyl proton signals was also consistent with the
structure assigned to this cation.

(c) 1,1,2-Tris(trimethylamine)trihydrodiboron(1+) Cation,
[N(CH,);].--BHBH, N(CH,) * (IT). As reported earlier’ the I'B
resonance signals appeared at +12.5 and -3.9 ppm. which were
assigned to the two-amine-attached boron and one-amine-attached
boron atom, respectively. The presence of the two amine methyl
proton signals in a 2:1 intensity ratio is consistent with the des-
ignated structure of this cation.

(d) 1,2-Bis(trimethylamine)-1-(trimethylphosphine)trihydro-
diboron(1+) Cation, N(CH,),-P(CH,)..-BHBH:N(CH.},* (IV).
The "' B{'Hj spectrum showed only one broad signal at -S.4 ppm.
which is due to the overlapping of signals arising from the two
nonequivalent boron atoms in the cation. This assignment is made
on the basis of the relative intensities of the signals present in the
spectrum of the reaction solution: the signal at —5.4 ppm; intensity
2. B;H; signal; intensity 3, and BH,-P(CH,), signal; intensity
1. These two coincidental signals at —5.4 ppm could not be resolved
even on a Varian XL-400 instrument (''B observation frequency,
128 MHz). However, on this high-field instrument the application
of resolution enhancement techniques did indicate a dissymmetry
attributable to the overlapping of these two signals. Furthermore,
the presence of two trimethylamine proton signals in a 1:1 intensity
ratio verified the identity of this cation.
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Scheme |

Summary of ''B Shift Values, The following ''B group shift
values are found for the diboron complex cations:

H H M H

[ | | !
—B—N(CHa)3 —B—N(CH3'3 —B—N(CHal3 —IB—P(CH:,)s

; !

N(CH3)3 P(CH3)3 H H

20+ 06 ppm -56 %+ 02 ppm -47 £ 0Bppm -353106 ppm

When trimethylamine is replaced by trimethylphosphine on the
adjacent boron atom, the ''B resonance moves upfield only slightly.
For example. in going from [N(CH,):]BHBH.-N(CH )" to
IN(CH ) BHBHP(CiL . the B shilc vatue O die [N(C-
H.),]:-BH group decreases by 1.1 ppm. Thus, each of the ''B
shift values {or these groups is essentially constant regardless of
the type of ligands (N(CH,), or P(CH).) attached to the adjacent
boron atom. Furthermore. the values listed above are comparable
with those for B-H,-1.-1."

voon noo neon
W BB N H— B8 —H H«Q——é—H
i . | ! ; i
(CHaN  NCHD3 (CHaaN  PCH3)g (CH3)3P  P(CHa3
-35 me‘ -27 oprﬂ.3 -36 4 me3 -374 ppm‘

The values further compare with those reported for the following
monoborane species:

B .
H H [l H
l | |

! )
H--B—N(CH3)3 H-—B—N(CH3)a H--B—N(CH3)3 h—B—P({CHa)a
; | '

N(CH3)3 P(CH3'3 H H
Sa 14 5¢ 5d
38 ppm 87 ppm -8 3 ppm -371 ppm
Discussion

There are two important features that are common to the
reactions represented by eq 3~6: (1) In the diboron complex
cations produced. the attacking Lewis base is always bonded 1o
the amine-attached boron atom, and (2} the BH; adduct that is
formed always contains the attacking Lewis base. Thus. the fout
reactions can be summarized by eq 8, where L and L" are N(CH,),

B,H,L-N(CH,),*B,H, + 2L" —
L-BH,-BH-N(CH.)L"*B;H, + BH, L' (8)

or P(CH,); and L" is the attacking base. Apparently, the bond
cleavages occur as indicated in Scheme I.  This observation
immediately provides a “partial” explanation for the behavior of
B,H¢2P(CH,),*B,Hy™ toward P(CH,); or N(CH,); (eq 2.
Because of the absence of a trimethylamine-attached boron atom
in the B;Hg2P(CH;),* cation, the attacking base, L', cannot find
an effective site of attack on the (CH,),P-B-B-P(CH,), moiety
to produce a B,H;-2P(CH;),-L"* cation.

The Lewis base adducts of triborane(7) are isoelectronic and
isostructuraf with the triboron complex cations. Interestingly,
however, the above pattern of triboron cation cleavage contrasts
with those observed for the cleavage of B;H-N(CH,), and B.-
H»P(CH,); with N(CH;), or P(CH;);, where the BH, adducts
produced contain N(CH,); whenever N(CH,), is involved in the
reaction system.> For example, B,;H.-N(CH;), + 2P(CH,), —

(4) Hertz, R. K.; Denniston, M. L.. Shore, S. G. Inorg. Chem. 1978. 17,
2673.

(5) Noth, H.. Wrackmeyer. B. In NMR. Basic Principles and Progress:;
Diehl. P, Fluck, E .. Kosfeld. R . Eds. Springer-Verlag: West Berlin,
Heidelberg. FRG, 1978: Vol. 14: (a) p 377: (b) p 380, (c) p 285 (d)
p 341
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B,H,2P(CH ), + BHN(CH,);. This observation was explained’
by extendine the mechanism proposed by Ritter and co-workers”
and by Paine and Parry,” as a result of favorable elimination of
BH ;N (CH.); from the reaction intermediate B H--P{CH )N~
(CH,);,". Upon further P(CH;); attack on the intermediate.
BH +N(C gy splits off from tie et micdizte anu dw aitaching
base P(CH ), is combined with the BH, frugment as illustrated
in Scheme 11. This mechanistic model for the triborane(7) adduct
cleavage does not explain the observed cleavage pattern of the
triboron cations. Reactivity variation due to the presence of churge
and the nature of ligand is demonstrated in these triboron
framework cleavages. Further studies are being pursued to elu-
cidate the triboron framework cieavage processes. in which Lewis
bases play subile. but important roles.

Experimental Section

General Procedures for the Reaction Studies. A dichlorometiane
solution tca 2 ml) of the triboron complex cation was prepared in a 1)
mm o.d. Pyrex tube or a 10 mm od. rescalable NMR sample tube
(product of Young Ltd ). A measured amount of N(CH ). or PACH ),
was condensed onty the solution at liguid-nitrogen temperature. The
solution was mixed well a1 -80 °C. and then the tube was placed in the
precovled probe of 4 Varian XL-306 NMR spectrometer to monitor the
reaction as the temperature of the probe was rased stepwise.

Reagents. The B:H, salts of the triboron complex cations were pre-
pared in the reaction tubes according tu ibe repuried methods ° The
salt was isolated as a solid in the tube. and then 4 fresh portion of the
solvent was condensed into the tube 1o prepire the solution The try-
methylamine. trimethsiphosphine, und dichforomethane used were from
our laboratory stock.

Reactions. (a) B;H -N(CH,) -P(CH).*B.H, and N(CH).. A
0.63-mmo) sample of BiHeN(CH 1 -PICH OB H, was treated with
1.45 mmol of N(CH.),. The signals of the products (the diboron cation
(D) and BHN(CH 1) were detected at 80 °C. The reaction was
complete as the probe temperatue was raised 1o 60 °C. At -20 °C,
signals due 10 decomposition products began to appear slowiy 1n the
spectrum.

(d) BH,-N(CH;)-P(CH,),*B.H. and P(CH.).. A 0.49-mmol sam-
ple of BiHN(CH ) -P(CH,),*BH, was treated with 0.98 mmol of
P(CH.).. When the reaction mixture was allowed to warm to -30 °C.
the reactants had been changed to a 1:1 molar mixture of N(CHq)-P-
(CH,)+BHBH -P(CH»,*BHe (1D and BH,-P(CH.).. At this tem-
perature, slow decomposition of the salt occurred as evidenced by the
appearance of the BH*N{CHj;), signal in the spectrum of the solution

(¢) ByH2N(CH,);*BH; " and N(CH)) .. A sample (rormally about
0.5 mmol) of ByHg2N(CH,),*B Hy was treated with 2 molar equiv or
more of N(CH,),.  Conversion of the reactants 10 [N(CH;),f,
BHBH-N(CH,),*B:H, (111) and BH-N(CH,), was complete at ~60
°C. Above -40 °C (or even at ~50 °C, upon irradiation of the solution
with the 'H resonance frequencies for decoupling the 'H spins). decom-
position of the diboron cation occurred. The decompositicn product(s)
had its characteristic ''B signals at ~2.9 and 13.3 ppm. and the B H,
signal was present. The nature of the decomposition product has not been
elucidated.

Conversion of Il to IV. A sample containing [, which had becn
prepared as above. was mixed with ! molar equiv of P(CH,), at -80 °C
in CH,Cl;,. At -45 °C changes in the spectrum were noted. After the
mixture was stored for 2.5 h at -30 °C, {11 had been converted com-
pletely 1o IV. Treatment of 111 with a 3-fold excess of P(CH;), at ~30

(6 Decver, W R Lory, E R : Ritter. D. M. Inorg. Chem. 1969, 8, 1263
(7) Paine, R. T.: Parry, R. W [norg. Chem. 1978, 14, 689
(8) Kameda. M.. Kodama, G. Inorg. Chem 1984, 231710,
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°C and at 0 °C did not bring about a further displacemeni of N(CH;),
from [V.°

(d) B,H-2N(CH;);*B;H;” and P(CH,);. A sample of B;H¢-2N-
(CH,),*B;H;" was treated with P(Ci1,), in 2 manner similar to that used
for preparation ¢. Formation of BHP(CH,); was noted at -30 °C. The
reaction was slow at -20 °C. Although the reaction proceeded with a
moderate rate to completion at +10 °C, weak signals of decompaosition
products were noted in the ''B spectrum of the final solution.
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